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Coordinated contraction of the heart allows for efficient pumping of blood to the 
body, supplying organs with oxygen necessary for metabolism.  In heart disease, 
reduction of blood flow to heart muscle tissue can result in damage to the tissue 
over time.  The adult heart, unlike other organs, has a limited capacity to recover 
from this damage causing the mechanical work the heart can perform to decline 
over time.  While our ability to restore flow to the heart and mitigate abnormal 
electrically conducting tissue has improved over the last few decades, therapies 
which restore mechanical function improving cardiac output, through repair and 
healing of the cardiac muscle have not been realized in the clinic.  
Historic models used to study heart disease lack the ability to quantitative 
study the progression of individual cells within the living heart following an injury.  
Here I have taken some first steps in providing imaging methods and tools to allow 
the study of a more complete picture of heart disease in the context of the whole 
animal using multiphoton microscopy.  I present methods for quantification of 
cellular resolved excitation and contraction, demonstrate the potential of THG as a 
label free signal to study the atherosclerotic plaque environment, and characterize 
some of the optical properties of the heart necessary to push the imaging depth 
accessible with current multiphoton technology.   
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INTRODUCTION 
More complete data sets that robustly quantify the cellular microenvironment existing 
within the contracting myocardium are needed, requiring the development of new 
methods.  As cardiac patient treatment strategies become more complicated and 
multifactorial, more sophisticated research techniques will help to bridge our gap in 
understanding, which has prohibited the next generation of treatment capable of 
restoring functional myocardium to an infarcted area from becoming commercialized. 
Current methods lack the ability to continuously record from subcellular transmural 
regions and deal with motion in a manner robust enough to study the coupling of 
multiple functional parameters, inhibiting the study of dynamic interaction of multiple 
cell types and study their response in pathology. Multiphoton microscopy, including 
two-photon and, more recently, three-photon microscopy enables imaging with 
cellular resolution. In addition, functional indicators such as calcium or voltage 
sensitive fluorescent indicators have been used with great success in brain to study the 
activity of single neurons within the intact, living animals. Such imaging could 
provide similar advantages of to the heart, but because the motion of the heart makes 
imaging challenging multiphoton microscopy has only recently been applied to 
intravital imaging of the heart.  
There exist a growing number of intravital imaging techniques, which enable 
imaging at micrometer resolution in heart, but current methods have limitations that 
limit their utility, which quantification of physiology on disjointed spatial scales, 
however robust methods linking the behavior of individual cells to regional tissue 
performance in the same intravital imaging system are lacking.  For example, Jung et 
al. used a suction-based GRIN imaging system which stabilized regions of tissue for 
imaging by applying a low pressure vacuum to the surface of the tissue (Jung, Kim et 
al. 2013).  While this was well suited for repeat imaging and the pressure was found to 
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produce no damage histologically, the contractility of the tissue was hindered.  The 
small field of view of the GRIN system also compromised the ability of the system to 
take measurements across large areas of tissue, reduced axial resolution, and was 
limited to imaging only at the tissue surface. Another group utilized more restrictive 
attachment methods such as imaging through the holes in a micro scale grid for the 
optical interface (Aguirre, Vinegoni et al. 2014). However, this also appeared to 
reduce tissue motion calling into question the relevance of the model to study the 
native contraction of the tissue. This grid also hindered the ability to simultaneously 
visualize large fields of view continuously.  
Here, I developed a novel intravital imaging approach, which imposed minimal 
restriction on the motion of the tissue, provided high spatial resolution and maintained 
large fields of view, and used high speed imaging to overcome motion.  A large clear 
aperture allowed for the use of a high NA objective for good spatial resolution. We 
found that motion, both axial and in-plane, was maintained, suggesting that the 
cardiomyocte contraction was not hindered by our approach. We demonstrated the 
first action potential recordings of individual cardiomyoctes within the ventricle wall 
in vivo, reported an endogenous contrast mechanism in atherosclerotic plaques, and 
explored the utility of three-photon excitation in the beating heart.  
Chapter 2, on the discovery of third harmonic generation as a robust, 
endogenous contrast mechanism for detecting atherosclerotic plaques in extracted 
blood vessels, was published in Biomedical Optics Express.  
 
D. Small*,  J. Jones*, I. Tendler, P. Miller, A. Ghetti, and N. Nishimura, 
"Label-free imaging of atherosclerotic plaques using third-harmonic generation 
microscopy", Biomed. Opt. Express 9, 214-229 (2018). *equal contributions 
 
Chapter 3 was published in Frontiers in Physiology and has been reformatted for 
inclusion in this dissertation. This describes our new method for in vivo cardiac 
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imaging with two-photon microscopy. This enabled imaging and measurement of 
cardiac calcium indicators, cell motion and vascular dynamics in healthy and injured 
heart throughout the cardiac cycle.   
 
Jones J*, Small D*, Nishimura N, “In vivo calcium imaging and motion 
quantification in murine heart with multiphoton microscopy”, bioRxiv 251561; 
doi: https://doi.org/10.1101/251561, in press, Frontiers in Physiology. *equal 
contributions 
 
 
Chapter 4 explores optical properties of cardiac tissue in vivo that are required to 
choose optimum parameters for two- and three-photon microscopy. This chapter is the 
draft of the paper that will be submitted.  
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CHAPTER 2 
 
LABEL-FREE IMAGING OF ATHEROSCLEROTIC PLAQUES USING THIRD-
HARMONIC GENERATION MICROSCOPY 
2.1 Introduction 
Atherosclerosis is characterized by the thickening and gradual accumulation of fat 
within the artery wall [1,2] and is a major cause of heart and cerebrovascular diseases 
worldwide [3,4]. Therefore, a greater understanding of the cellular mechanisms 
responsible for this condition, as well as less invasive and more sensitive technologies 
to monitor plaque formation in vivo is needed. 
 Current clinical techniques used to evaluate atherosclerosis include x-ray 
angiography [5-7], MRI [8-10], IVUS [11-13], and OCT [14-16]. Although these 
imaging strategies provide clinical information such as vessel morphology and, in 
some cases, thickness of the vessel wall, they are limited in their capacity to provide 
cell-scale resolution. For example, angiography, which shows the vessel lumen shape 
using an injected contrast agent, often fails to detect early wall composition changes 
that do not obstruct the lumen [17]. OCT and IVUS are able to detect changes within 
the vessel wall, but spatial resolutions are quite not sufficient to detect sub-cellular 
alterations during early plaque formation (axial resolutions of 150 – 200  µm and 10 – 
18 µm for IVUS and OCT, respectively [13]). OCT and third harmonic generation 
(THG) signals both depend on index of refraction changes at interfaces. THG also 
depends on the 𝜒! (3ω;ω,ω,ω) tensor, suggesting an additional mechanism based on 
chemical composition for contrast with THG [18].  Like OCT, imaging with THG 
microscopy in the clinic would require delivery of laser light and collection of signal 
through a catheter based system and would face similar engineering challenges.  
Open-heart surgery does provide a unique opportunity to optically image from the 
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surface of the ventricle down into the heart.  In this case, it may be possible to use 
rigid endoscope type systems and avoid some of the engineering challenges associated 
with performing microscopy in a catheter.  
The scientific understanding of atherosclerosis has primarily relied on 
histopathology and electron microscopy of post-mortem tissue [14,19-22]. Although 
high resolution and chemically specific, these techniques involve extensive tissue 
processing and cumbersome histological sectioning that may alter the structure and 
biochemical properties of the tissue. Multiphoton microscopy has emerged as an ideal 
imaging modality that is sensitive to specific molecules and structures in biological 
tissues [23-25] and can be used in vivo [26-31]. 
THG is an endogenous contrast mechanism, which facilitates in vivo 
experiments and opens up the possibility for clinical use. THG occurs when three 
photons at the excitation laser frequency are converted to one photon at three times the 
excitation frequency [32,33]. THG has been used in conjunction with two-photon 
excited fluorescence (2PEF) to image cellular lipid droplets [34], and myelin, a dense 
lipid sheath around axons, in the mouse brain and spinal cord [35]. It has been 
previously demonstrated that pure free fatty acid samples generate THG [36]. Seeger 
and colleagues have shown THG detection in a cross-sectional view of a histological 
section of atherosclerosis, but a better understanding of the signal source is needed 
[37]. We hypothesized that lipid structures in atherosclerotic plaques are an ideal 
application for THG imaging. Such imaging would be impactful in many applications 
due to the high prevalence and clinical significance of lipid bodies [1,38].  
In this work, we demonstrate imaging of atherosclerotic lesions using label-free 
multiphoton microscopy with excitation in MIR range. Using a genetic knockout 
mouse model of atherosclerosis and diseased human coronary artery samples, we 
show the ability to produce detailed, three-dimensional and high-resolution optical 
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sections of atherosclerotic plaques. In addition to THG microscopy of lipid bodies, 
simultaneous SHG and autofluorescence show anatomical structures within label-free 
images. This technology is an important addition to the microscopy tool kit for studies 
of atherosclerosis. 
2.2 Materials and methods 
Test samples were harvested from mice lacking the apolipoprotein E gene (ApoE-/-) 
which develop hypercholesterolemia and spontaneous atherosclerosis that closely 
mimics the human disease [39]. 2 – 4-month-old male and female ApoE-/- mice (n=4) 
(Jackson Labs Stock #002052) were fed a HFD for 16-weeks (Harlan TD.88137: 
protein 17.3%; carbohydrate 48.5%; fat 21.2% by weight). C57BL/6, age-matched, 
WT mice (n=3) fed a normal chow diet were used as controls. All animal care and 
experimental procedures were approved by the Institutional Animal Care and Use 
Committee of Cornell University and comply with the Guide for the Care and Use of 
Laboratory Animals by the National Institutes of Health. 
To collect aortas, free-breathing mice were anesthetized with a mixture of 3% 
isoflurane gas in oxygen. A thoracotomy was performed, the right atrium punctured, 
and blood removed from the heart and aorta by perfusion of cold phosphate buffered 
saline (PBS) through the left ventricle until the perfusate was clear. This was followed 
by perfusion of cold 4% paraformaldehyde (PFA) in PBS. The heart and attached 
aorta (arch, thoracic and abdominal segments) were dissected and immersed in 4% 
PFA in PBS overnight, followed by 30% sucrose in PBS at 4°C. For whole mount 
imaging, the aortic arch was micro-dissected from the heart and thoracic aorta, then 
split lengthwise to expose the luminal surface. The aorta was placed on a glass slide, 
immersed in PBS with the luminal surface facing upwards and covered with a 
coverglass. For cryosections, aortas were frozen in Optimal Cutting Temperature 
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compound (Tissue-Tek, Sakura Finetek Inc.) and sectioned in a cryo-microtome with 
7-µm or 20-µm thickness. 
Human coronary arteries were provided by Anabios Corporation. All human 
tissues used for this study were obtained in the U.S.A. from organ donors following 
legal consent. Tissues were collected from one normal and one atherosclerotic heart. 
Tissues were derived from brain dead donors and the hearts removed at the same time 
as transplantable organs within an hour post cross-clamp. At the time of harvest, the 
human hearts were perfused with an ice-cold proprietary cardioplegic solution. Upon 
arriving in the laboratory, the heart was re-perfused with a proprietary recovery 
solution. Subsequently, sections of the coronary arteries were dissected using micro-
scissors and tweezers, immediately fixed in 10% buffered formalin and then 
transferred to 70% ethanol after 24 hours and stored at 4º C. Approximately 12 months 
had passed from when the tissue had been placed in 70% ethanol. Prior to imaging, 
samples were immersed in 30% sucrose in PBS at 4º C for 1 week. Approximately 1-
cm long sections of arteries were dissected from the provided sample, and 
macroscopic areas of plaque deposition were identified under a stereoscope. Sections 
of artery were further dissected around regions of plaque to obtain a flat sample. A 
coverglass was placed on the luminal surface and held in place with tape. PBS was 
added underneath the coverslip to prevent the sample from drying during imaging. 
After multiphoton imaging, samples were frozen and sectioned for histology. 
Serial cross-sections of human and mouse aortas were stained with 
hematoxylin and eosin (H&E) and Masson’s Trichrome for collagen using standard 
procedures [40]. For Nile-Red staining of lipids, 20-µm sections of aortas from ApoE-
/--HFD were immersed in 5 µg/mL Nile-Red diluted in PBS for 30 min at room 
temperature. Sections were washed thoroughly in PBS and then coverslipped in PBS. 
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CD68 immunofluorescence was performed on 7-µm human coronary artery sections to 
identify regional macrophage and foam cell location and its relationship to THG 
signal. Sections were incubated in 1% sodium dodecyl sulfate in PBS for 5 min. To 
block non-specific binding, blocking buffer (3% bovine serum albumin, 10% goat 
serum, 0.1% Triton X-100 in PBS) was added for 30 min. Sections were then 
incubated with CD68 primary antibody (1:50, sc-20060; Santa Cruz Biotechnology 
Inc.) diluted in blocking buffer overnight at 4°C. Following three washes in PBS, goat 
anti-mouse Alexa-Fluor 594 secondary antibody (1:200, A11005; Thermo Scientific) 
was applied diluted in PBS for 30 min at room temperature. Slides were then washed, 
and mounted with aqueous mounting medium containing DAPI for cell nuclei 
(Vectashield, H-1200; Vector Laboratories). Confocal microscopy was performed on a 
Zeiss LSM880 Confocal inverted microscope using a Zeiss plan apochromatic 40x 1.4 
NA oil objective controlled by ZEN 2.1 SPC software. Laser lines for DAPI and 
Alexa-594 were 405 nm and 561 nm respectively, and signal was collected between 
410–496 nm (DAPI) and 588–733 nm (Alexa-594). 
Imaging was conducted using a custom multiphoton microscope equipped with 
four epi-detection backward scattered channels, the option of two MIR sources used 
for harmonic generation, as well as a Ti:Sapph oscillator (Chameleon, Coherent) for 
2PEF. 1,700-nm laser light (~100-fs pulse length, 40-nm full-width-half-max 
(FWHM) bandwidth) was produced through a soliton self-frequency shift of 1,550-nm 
femtosecond pulses from a commercial fiber laser (FLCPA-02CCNU15, Calmar 
Lasers) through a photonic crystal rod with a fundamental mode area of 3500 µm2 
(NC420-152-EE45, NKT Photonics). For 1,700-nm lasers, dispersion is compensated 
using stacked silicon wafers (University Wafer ID# 2808) set at Brewster’s angle [41]. 
To generate 1,300 nm laser light, a noncollinear optical parametric amplifier (NOPA) 
(Coherent, Opera-F) was seeded by a diode-pumped femtosecond laser (60 µJ/pulse at 
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1 MHz; Coherent, Monaco). Dispersion for 1,300-nm excitation was compensated 
with an SF11 prism pair [27]. For imaging, the excitation laser was scanned with a line 
rate of ~1kHz with galvanometric scanners. Images were acquired with an Olympus 
XLPlan N 25x 1.05 NA objective customized for MIR excitation wavelengths. Images 
of 0.175 ± 0.005 µm diameter microspheres (PS-Speck Microscope Point Source Kit 
P7220) had intensities profiles with the full-width half max of 3.39 µm axial and 0.85 
-µm lateral with 1,300 nm and WWW 2.64 µm  lateral and 2.02 µm axial with 1,700 
nm. When imaging with 1,700 nm, heavy water (D2O) was used for index matching 
between the coverglass and the objective in order to minimize absorption of the 
excitation light [41]. For 2PE microscopy of Nile-Red, images were acquired using a 
Ti:Sapph laser with the wavelength centered at 810 nm using an off-the-shelf 
Olympus XLPlan N 25x 1.05 NA objective. Signal was collected using custom 
detections optics using a primary dichroic suited for either MIR or NIR (near-infrared) 
laser transmission (BLP01-980R-49x70, FF705-Di01-49x70, Semrock), secondary 
dichroic (FF01-593/LP-90x108, Semrock), two tertiary dichroic (FF801-Di02-90x108, 
Di02-R488-90x108, Semrock), and bandpass filters on each detection channel (FF01-
433/24-25, Semrock, FF01-560/25-25, Semrock, NC528423 – ET645/65m, Chroma, 
and FF01-834/LP-25, Semrock).  For each ApoE-/- mouse or human coronary artery 
sample, 3 – 6 z-stacks were taken within different regions of the same sample. 512 x 
512 pixel frames were acquired at 1.8 frames/sec (dwell time of 2 µs/pixel). Therefore 
a 400-µm scan volume took approximately two minutes to complete. All images were 
processed using ImageJ (National Institutes of Health). Projections were maximum 
intensity projections over thicknesses noted in the caption. Images for display were 
background subtracted (rolling ball radius, 50 pixels) and a median filter (2 pixels) 
was applied. Contrast was adjusted for each image manually by adjusting the 
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maximum and minimum displayed values while maintaining a linear intensity 
relationship within the displayed range.   
2.3 THG of atherosclerotic plaques  
We imaged whole-mounted aortas, illuminated from either the luminal or abluminal 
side of the tissue, from a mouse model of atherosclerosis fed a high-fat diet for 16 
weeks in regions where plaques were visible by eye and similar regions from wild 
type mice fed normal diets as control. All ApoE-/- (4 mice) samples contained 
atherosclerotic plaques and no WT samples (3 mice) contained atherosclerosis. Only 
atherosclerotic regions in ApoE-/- mice were imaged.  Using multiphoton microscopy 
excited with 1,700 nm excitation (1 MHz, less than 35 mW at surface) several 
nonlinear optical processes provide contrast that distinguish morphological features 
throughout the healthy and diseased vessel wall. In both atherosclerotic and control 
samples, SHG, detected at 802 – 835 nm, was present at the outer adventitial surface 
and was spatially and morphologically consistent with collagen fibers (Fig. 1a and c).  
A striated pattern with the broad spectral emission of elastin autofluorescence was 
visible within the vessel walls at 613–678 nm and within the THG range (548–573 
nm) (Fig. 1c-ii.). Aortas from ApoE-/--HFD mice had distinct, bright, globular 
structures in the THG spectral emission range of 548 – 573 nm near the luminal 
surface (Fig. 1a-i) and deeper with the vessel wall at levels with the elastin 
autofluorescence (Fig. 1a-ii). Comparison to histological sections of the same 
treatment group (Masson’s Trichrome and H&E staining, Fig. 1b) revealed lipid 
deposits within the tunica intima that appear similar in morphology to deposits in 
multiphoton microscopy cross-sectional views. Such structures were not present in 
WT-Normal aortas (Fig. 1c and d). 
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Figure. 1. Multiphoton microscopy shows vessel wall structures consistent with 
atherosclerotic lesions in whole-mounted aortas extracted from a murine model 
of atherosclerosis. (a) Aorta from an apolipoprotein E knockout mouse fed a high fat 
diet (ApoE-/--HFD) shown with cross-sectional and enface views (i and ii) through a 
region with strong emission at the third harmonic generation (THG) wavelengths. 
Laser excitation was at 1,700 nm, incident on the lumen. (b) Histology with Masson’s 
trichrome and H&E staining of aorta from an ApoE-/--HFD mouse. (c) Aorta from a 
wild type mice fed a normal chow diet (WT-Normal) and cross-sectional and enface 
views (iii and iv). (d) Histology of aorta from a WT-Normal mouse. Cross-sectional 
views in a and c are maximum intensity projections through the y-axis. Second 
harmonic generation (SHG); autofluorescence (AutoF). Scale bars are 50 µm. 
To confirm that the source of THG is from lipids, Nile-Red was used to stain 
lipids in ApoE-/--HFD tissue sections (3 ROI from 2 mice). Imaging of the same 
region of interest using 2PEF for Nile-Red (Fig. 2a: Ex: 810 nm; Em: 612–677 nm) 
and 1,700 nm excitation light for THG (Em: 535–585 nm), demonstrated that the 
structures with strong THG signal also have strong Nile-Red signal (Fig. 2b), 
suggesting that the source of THG is the lipids within atherosclerotic plaques. 
Multiphoton microscopy using 1,300 nm excitation showed similar structures 
as 1,700 nm excitation in the vessel wall and at the luminal surface in the THG 
spectral range of 421–445 nm (Fig. 3a and b). Unlike fluorescence, the wavelength of 
THG depends on the excitation wavelength. Therefore, to identify the features giving 
rise to THG, 1,300-nm and 1,700-nm excitation were used to image the same ApoE-/--
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HFD sample at a region that had atherosclerotic features. Emission channels that 
included the THG wavelengths, 421–445 nm for 1,300 nm and 548–573 nm for 1,700 
nm, generated similar images, while the alternate channels showed little signal (Fig. 
3a). This change in emission wavelengths is consistent with THG. 
 WT-Normal aortas generally appeared similar, even between different mice 
(Fig. 4a and Fig.1c). Consistent structures included the medial layer that primarily 
consists of smooth muscle cells and elastin that generated autofluorescence and a 
weak THG signal (Fig. 4a-ii). Collagen of the tunica adventitia produced SHG in both 
normal and  
Figure 2. Correlation between third harmonic generation (THG) and lipid stain. 
(a) Frozen section (20-µm thickness) of aorta from ApoE-/--HFD stained for lipids 
using Nile-Red and imaged using two-photon excited (2PE) at 810 nm excitation. 
Displayed image shows fluorescence channel for Nile-Red (612–677 nm). (b) Same 
section imaged with 1,700 nm excitation showing the THG channel detected with 
548–573 nm band pass filter. Scale bars are 50 µm. 
atherosclerotic samples (Fig. 4a-iii and b-iii). THG on the abluminal side of the vessel 
was due to adventitial fat that was sometime present following aorta dissection (Fig.  
4b) and was closely associated with SHG in the adventitial layer. 
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Figure 3. Optical properties of atherosclerotic lesions in mouse aorta. (a and b) 
1,300 nm excitation produces signals at third harmonic generation (THG) and second 
harmonic generation (SHG) wavelengths as well as autofluorescence (AutoF) at an 
atherosclerotic lesion. Cross-sectional, maximum projected (a) and enface (b) views of 
ApoE-/--HFD aorta. Line in a shows location of b. (c) 1,300 nm excitation of a region 
within ApoE-/--HFD aorta that has atherosclerotic features, produces a strong signal in 
the THG emission range (421–445 nm). (d) 1,700 nm excitation of the same region 
shows the same features in the THG emission range (548–573 nm). Scale bars are 50 
µm. 
ApoE-/--HFD arteries displayed highly variable morphologies and features 
even within the same mouse. In an example of pathology that extended across a wide 
area, THG appeared in scattered, smaller patches throughout the luminal half of the 
vessel wall (Fig. 4b). THG clearly identified an area of intimal thickening of ApoE-/--
HFD vessel wall by the presence of punctate regions indicating lipids (Fig 4b-i) that 
are not present in WT-Normal (Fig. 4a-i). Different samples revealed a variety of 
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plaque features that could be detected with THG imaging (Fig. 4c-f). Furthermore, 
different size and structures of plaque development can be observed between the same 
sample within different regions. THG signals varied from continuous large deposits 
near the lumen (Fig. 4c) to punctate regions of lipid deposits about 8 µm in size within 
deeper layers of the intima (Fig. 4d and e). Images from a region of vessel bifurcation  
Figure 4. Third harmonic generation (THG) microscopy using 1,700 nm 
excitation reveals varying features of atherosclerotic lesions. (a) WT-Normal and 
(b) ApoE-/--HFD mouse aortas shown in cross-sectional projections and enface views, 
show second harmonic generation (SHG) of the tunica adventitia (a-iii and b-iii), 
autofluorescence (AutoF) in the media (a-ii and b-ii) and a strong THG signal within 
the thickened intimal layer of ApoE-/--HFD (b-i) that is not present in WT-Normal (a-
i). Single z-slices through different lesions (c-f) show variability in structures 
producing THG signal and the association between SHG, THG and AutoF. (c) Large 
deposit of THG signal 38 µm below lumen. (d) Small punctate regions of THG signal 
48 µm below lumen, with SHG positioned in close association with THG (arrows). (e) 
Image from near the abluminal edge of aorta showing THG and SHG deposits. (f) 
Plaque near a vessel bifurcation off of the aortic arch. Scale bars are 50 µm. 
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from the aortic arch (Fig. 4f), revealed similar structures and signals within the tissue - 
THG at the luminal surface, then elastin and collagens revealed by autofluorescence 
and SHG towards the abluminal surface, respectively. Occasionally, SHG was 
detected in close association within larger THG regions of plaques (Fig. 4, arrows). 
Fig. 4f also shows the detection of SHG (collagen) within the medial layer in close 
association with autofluorescence. Both 1,300 nm and 1,700 nm excitation sources 
were able to image through the entire vessel wall of ApoE-/- and WT mice (70 – 150 
µm). 
Figure 5. Third harmonic generation (THG) microscopy of human coronary 
artery. (a) In a healthy coronary artery imaged from the luminal side with 1,300 nm 
excitation, a cross-sectional projection and enface planes (i and ii) show second 
harmonic generation (SHG) and broad autofluorescence (AutoF) throughout the 
intimal layer. (b) An artery sample with coronary artery disease imaged from the 
luminal side with 1,300 nm. i and ii show images from levels indicated in cross-
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sectional view. Yellow box shows location of magnified view. (c) Photograph and epi-
fluorescence image of sample imaged in (b). Magenta box shows the locations of 
magnified regions. A small laser burn (red box) was induced during THG microscopy 
at a measured displacement to the imaged region in (b) indicated with an orange circle 
to aid in image registration. A 23-gauge needle was used to make a fiduciary mark 
(arrows). (d) Bright-field image of region imaged with multiphoton microscopy from a 
section of the tissue with fiduciary mark (black arrow). (e) Higher magnification 
images from the region imaged with multiphoton microscopy stained with H&E and 
(f) Masson’s Trichrome. Open, nucleated spaces (arrows) are consistent with lipid 
deposits. Sections from a sample with no atherosclerosis (healthy) are shown below. 
(g) Confocal microscopy of immunostaining for CD68 in a section from the same 
region. Unless otherwise noted, scale bars are 50 µm. 
2.4 Human coronary artery THG imaging 
We used THG microscopy (1,300 nm) to demonstrate the capability to image 
atherosclerosis within a human coronary artery (Fig. 5). Two different human 
coronary artery samples were imaged with THG microscopy, a healthy coronary artery 
(Fig. 5a) and a coronary artery that had been classified as coronary artery disease and 
had macroscopically visible plaques (Fig. 5b). When mounted with the lumen side 
towards the objective, we were able to image through the entire 270-µm thickness of 
the healthy coronary artery wall from the intima to the adventitia. Intrinsic contrast 
mechanisms showed characteristic features of the vessel wall similar to mouse aorta. 
This included SHG of collagen fibers within the adventitia, and autofluorescence from 
elastin that was particularly evident within the internal elastin lamina (Fig 5a-ii). 
In the coronary artery disease sample, the imaging depth when imaged from 
the lumen was limited to the intima and media layers and reached 400 µm in depth. 
Like in the mouse aorta, THG appeared in distinct patches within intimal layers. Some 
THG patches showed granular structures (~3-µm nodules) with THG signal 
suggesting a sub-cellular source (Fig 4b-i and b-ii). Throughout intimal and medial 
layers, weak, diffuse SHG and autofluorescent signal were present in regions around 
THG-emitting deposits. In some locations in the intima, SHG appeared in clusters of 
bright, 30 – 70 µm spots (Fig. 5b-ii). To confirm the presences of atherosclerotic 
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lesions in this tissue, we sectioned and stained the sample. For registration of the 
multiphoton microscopy images to histological sections, a small laser burn was 
induced at a measured displacement from the imaged region during THG imaging 
(Fig. 5c). Wide-field fluorescence microscopy of the intrinsic autofluorescence was 
used to find the marked region. With this image for positioning, a 23-gauge needle 
was inserted into the side of the tissue as a fiducial to identify sections taken through 
the imaged region for histological processing (Fig. 5d).  H&E staining revealed clear 
spaces within the imaged region, characteristic of macrophage foam cells that 
previously in vivo contained lipids and are marked by a remaining nucleus (Fig. 5e) 
[42]. Masson’s Trichrome staining revealed similar structures and collagen throughout 
the lesion (Fig. 5f). Healthy control tissue did not show these features. 
Immunofluorescence confirmed the presence of CD68-positive macrophage foam cells 
within the imaged region that showed similarly-shaped, THG-positive structures (Fig. 
5g). H&E, Masson’s Trichrome and CD68 immunofluorescence was performed on 
two additional histological sections and the same result was observed (data not 
shown). 
2.5 Discussion 
Despite significant advances in the understanding and clinical monitoring of vessel 
wall pathology in coronary artery disease, atherosclerosis remains a major health 
problem. We have demonstrated that a strong THG signal is generated from 
atherosclerotic plaques in both rodent and human artery samples. Used in conjunction 
with other nonlinear optical processes such as SHG and autofluorescence, this 
technique could be used to characterize atherosclerotic lesions in label-free tissue. 
We observed a range of structures with THG signal in diseased vessels that resemble 
features found in standard histological classification of atherosclerotic plaques 
[2,43,44] (Fig. 6). The THG-producing structures that we observed are similar in 
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morphology to lipid-containing features found in the earlier stages. Intimal 
macrophages play a key role in the pathogenesis of atherosclerosis, especially during 
the initial stages of development [45]. Sub-cellular, punctate THG signal was observed 
within the intima of mouse (Fig. 1 and 3) and human coronary artery (Fig. 5b), near 
the junction of the media, and appeared similar to small lipid deposits reported within 
early macrophage foam cells in intimal xanthomas and pathologic intimal thickening 
[44]. Histological staining in both mouse and human samples confirmed the presence 
of macrophages in regions with THG structures. The gradual accumulation of lipids 
within macrophages in accompanied by increased expression of surface scavenger 
receptors such as CD68 [45]. In both mouse and human, THG puncta also clustered in 
groups forming patches of 50 – 100 µm. We found CD68-positive macrophages near 
THG deposits that had similar morphology to these patches. Continual uptake of lipids 
increases the size of macrophage foam cells leading to the degradation of macrophage 
cell components and development of extracellular lipids pools [46]. Intermediate 
lesions and fibrous cap atheromas are identified by extracellular lipid pools within the 
intima [44], which have a similar morphology to that detected by THG microscopy in 
some samples (Fig. 3c). SHG detected in some regions of plaques (Fig. 4d and 5b) 
could be due to accumulated cholesterol crystals. Work by Suhalim and colleagues 
[47], demonstrated that SHG can arise from chiral cholesterol molecules in the crystal 
lattice of cholesterol crystals within atherosclerotic plaques. Alternatively, SHG is 
strongly generated by collagen and advanced lesions consist of fibrous connective 
tissue primarily composed of collagens overlying a lipid pool [43]. However, SHG 
detected in these regions did not take the shape of a collagen-rich cap on top of lipid, 
thus may represent the early stages of collagen deposition. 
SHG [48] and 2PEF microscopy [49,50] have previously been used to study 
atherosclerosis, but imaging with a laser source that enabled efficient higher order 
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nonlinear processes added novel contrast mechanisms. We demonstrated that 
autofluorescent signals in both rodent and human atherosclerotic samples using MIR 
excitation showed structures similar to those seen with 2PEF using NIR and therefore 
can be used to provide anatomical cues and reference points [24,49-51]. Similar to 
2PEF, the likely source of autofluorescence within the medial layer of vascular tissue 
is elastin. Elastin is arranged circumferentially around the vessel lumen in an 
undulatory pattern [49], has broad emission [24], and matches histology of mouse and 
human tissue. NADH within smooth muscle cells interspersed with elastin may also 
contribute to the autofluorescent signal [51].  This source of autofluorescence adds 
further contrast, aiding the interpretation of atherosclerotic pathology of the vessel 
wall. For experimental studies of atherosclerosis, exogenous dyes and transgenic 
rodent models have been used to label structural components and cell types with 2PEF 
[49,52-54], and may also be used with THG-compatible sources with both two- and 
three-photon excitation. Previously, two-photon excited autofluorescence of oxidized 
low-density lipoproteins has been demonstrated and is likely a contributing signal 
within the atherosclerotic plaque [55]. THG is strongly enhanced at discontinuities in 
refractive index, so that the strength of the signal in atherosclerotic plaques may in 
part come from interfaces and structures with the plaques. Some caution is required in 
interpretation of the THG signal, because it is not specific only to lipids and the signal 
from atherosclerotic plaques is likely a combination of THG and fluorescence from 
various sources [24,55]. Seeger and colleagues used THG to discern tissue 
morphology in a histological cross-section of human carotid artery atheroma using 
1,043 nm excitation [37]. However, this system utilized forward scattering THG signal 
collection, presumably due to stronger attenuation of the shorter 1,040-nm excitation 
and the resulting third harmonic, and required a thin 10-µm histological cross-section, 
rather than the whole tissue preparation used in the current study. The use of higher 
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wavelength excitation at 1,300 nm and 1,700 nm significantly improves the THG 
signal due to decreased attenuation at these wavelengths. This enables imaging 
through the vessel wall in both murine and human models, which is important for the 
in vivo use and translatable potential of this technology. 
 Although there are differences between mouse models and human, we were 
able to see similar structures in both species [39] which suggests that this imaging 
modality could be used for label-free imaging in clinical applications. THG 
microscopy using high peak-power, low repetition-rate lasers may offer an alternate 
and advantageous approach in the clinical observation of atherosclerosis. Intravascular 
OCT has had significant adoption for the clinical detection and study of 
atherosclerosis and can image at sufficient depths (1 – 3 mm) [14-16], however is 
limited in its diagnostic capabilities to define key plaque features such as lipids, that 
present as low OCT signal. The capability of OCT to differentiate non-necrotic 
intracellular and extracellular lipid accumulations from necrotic core lipid remains a 
challenge [56]. The ability to detect these lipid features would aid the classification of 
vulnerable lesions. A number of studies have combined OCT with 2PE of endogenous 
species, which has improved the structural and molecular analysis of atherosclerotic 
plaques, often detecting autofluorescence of oxidized lipids within plaques of 
vulnerable regions [57,58]. While THG-imaging using MIR excitation provides 
similar information, it does so with enhanced imaging depth that may be needed to 
assess thicker atheromas which may circumvent the need to combine with another 
imaging modality. Coherent anti-Stokes Raman (CARS) microscopy has also been 
shown to be effective at detecting lipid-rich structures [59] including lipids within 
atherosclerotic plaques and has better chemical specificity than THG since it is based 
on specific chemical bonds [52,60]. Unfortunately, CARS requires spatial and 
temporal overlap of two ps lasers at different wavelengths [61,62] which remains a 
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technical challenge that limits the widespread uptake of CARS as an in vivo imaging 
modality. Furthermore, intimal xanthomas represent early vessel pathology [44] that 
can only be detected microscopically. Study of these lesions are often restricted to 
post-mortem sampling, therefore a significant void exists in understanding the 
initiating cell interactions during these early stages in vivo.  
Figure 6: Summary of morphological features revealed by third harmonic 
generation (THG) microscopy. Small lipid deposits accumulate in monocytes of the 
intima during the initial stages of atherosclerosis and can be detected with THG as 
punctate regions within the intima. Continual uptake of atherogenic lipids increases 
the size of cellular lipid deposits leading to the formation of foam cells, that are 
characterized by a cytoplasm filled with lipids. Extracellular lipid pools develop 
following the breakdown of cellular components and appear with THG imaging as 
larger regions. Second harmonic generation (SHG) within extracellular lipid pools are 
most likely cholesterol crystals. Additional nonlinear optical processes simultaneously 
provide contrast of components of the medial layer (elastin and smooth muscle) and 
collagens within the adventitia. Red is THG, green is SHG, and blue is 
autofluorescence. Scale bars are 50 µm. 
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Multiphoton microscopy with THG is just one among several technologies 
which have the potential to study atherosclerosis in vivo. Time-resolved laser-induced 
fluorescence spectroscopy has been successfully used to detect the biochemical 
properties of atherosclerotic plaques in patients [63-65]; novel contrast agents such as 
plasmonic gold nanorods have been used to monitor macrophage distribution in 
vulnerable plaques [66-68]; and a wide variety of strategies combining different 
imaging modalities such as OCT, 2PEF, optoacoustic microscopy, and CARS have 
been used successfully [57,58,69-71]. However, associated toxicities of contrast 
agents, as well as technical complexity of combining multiple imaging systems, has 
slowed the practical uptake of new imaging modalities for in vivo detection of 
atherosclerosis. An imaging modality that utilizes endogenous contrast mechanisms 
from a single excitation source presents an attractive option for in vivo atherosclerosis 
imaging. 
Although THG imaging has been demonstrated previously, new MIR fs laser 
sources now make THG imaging feasible for widespread adoption. Advantages of new 
lasers include a higher peak power, which is critical for higher-order nonlinear 
excitation, and longer wavelengths, both of which enable greater depth of imaging 
[72,73]. Laser sources based on photonic crystal fibers around 1,700 nm have been 
developed specifically for these applications [74]. Additionally, new and 
commercially available excitation sources provide turn-key optical parametric 
amplifiers which allow labs with limited technical knowledge to tune from 1 – 2 µm, 
that has been unachievable until recently. 
THG imaging will likely be readily used in experimental multiphoton 
microscopy. However, clinical translation will require new advancements to overcome 
limitations of the current study. This includes the fact that imaging was performed on 
ex vivo post-fixed tissue under a microscope, and our acquisition scheme was not 
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optimized for intravascular imaging. Improvement in the depth of imaging may also 
be achievable with currently available methods [72,75,76]. The potential of THG 
microscopy as a clinical tool depends on the continued progress in development of 
MIR laser scanning probes [57,58,77-80].  
2.6 Conclusion 
New imaging technologies are required that provide high resolution three-dimensional 
information at sufficient depth to understand and diagnose the heterogeneity of 
atherosclerosis. Using high peak power, low-repetition laser sources in the MIR range 
of excitation, it is possible to generate THG from cellular and extracellular lipids in 
atherosclerotic plaques. Similar studies of atherosclerosis have combined nonlinear 
optical process (e.g. SHG and endogenous fluorescence) with another imaging 
modality, such as CARS, to image lipid content. Advantages of the current technique 
are that the nonlinear optical processes are generated from a single laser source, 
thereby decreasing the complexity and increasing practicality. THG could be useful 
for studies that aim to understand the cellular basis for atherosclerosis and lipid 
deposition. Given the increased practicality of THG imaging and our demonstration of 
its use in human coronary artery disease, this technique holds potential to be 
investigated as a clinical tool. 
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CHAPTER 3 
 
IN VIVO CALCIUM IMAGING OF CARDIOMYOCYTES IN THE BEATING 
MOUSE HEART WITH MULTIPHOTON MICROSCOPY 
3.1 Introduction 
Cardiovascular disease remains a substantial burden to populations worldwide 
(Mortality and Causes of Death, 2015; Mozaffarian et al., 2015). Despite significant 
advances in cardiovascular research, understanding of cell and tissue dynamics at a 
microscopic scale in vivo is lacking. Multiphoton microscopy (MPM) was recently 
demonstrated in the heart of live rodent models (Lee et al., 2012; Li et al., 2012; Jung 
et al., 2013; Aguirre et al., 2014; Vinegoni et al., 2015a; Vinegoni et al., 2015b). 
However, the combined use of intravital MPM and genetically encoded calcium 
indicators, which revolutionized recording of neurons (Pologruto et al., 2004; Chen et 
al., 2013; Prevedel et al., 2016), has not been achieved in the in vivo, beating heart. As 
a result, little is known about the interplay of in vivo microenvironmental features 
such as the microcirculation, motion, and other cellular factors which couple and 
modulate function of cardiomyocytes (Rubart et al., 2003b; Wasserstrom et al., 2010; 
Pries and Reglin, 2017). Better understanding of the interactions between cell 
contraction, blood flow, and electrical conduction in disease is also needed. Previous 
in vivo studies of calcium dynamics utilized wide-field fluorescence imaging that 
primarily reports surface calcium transients averaged across many cells (Tallini et al., 
2006; Jaimes et al., 2016). At the single-cell level, intracellular myocyte calcium and 
voltage transients (Rubart et al., 2003b; Wasserstrom et al., 2010; Ghouri et al., 2015), 
calcium dynamics of cells transplanted into myocardium (Rubart et al., 2003a; Rubart 
et al., 2004; Scherschel et al., 2008; Smart et al., 2011), differences that occur with 
pathological hypertrophy (Tao et al., 2012), and triggered arrhythmias (Fujiwara et al., 
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2008) have been characterized in noncontracting Langendorff-perfusions. However, 
altered electromechanical function and inadequate oxygenation can drastically affect 
measurements of physiology in such perfused heart preparations (Kuzmiak-Glancy et  
Figure 7. Combination of surgical approach and image reconstruction methods 
enable visualization and quantification of cardiac cell dynamics. (a) Optical access 
is gained via a left thoracotomy and a stabilization probe is attached to the left 
ventricle for microscopy. The probe holds a 3-mm diameter coverglass in contact with 
the heart.  A silicone ring is glued to the top of the probe to hold water for the 
immersion of the microscope objective. Tissue adhesive is applied on the bottom 
surface of the probe prior to attachment to the heart. (b) Electrocardiogram (ECG) and 
ventilator pressure are recorded simultaneously during image acquisition allowing 
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image reconstruction. Red vertical lines indicate the start of each frame; red arrow 
indicates the peak of R-wave used as the start of the cardiac cycle for the frame 
displayed below; blue arrow indicates the start of inhalation that was used as the 
marker of respiratory cycle; yellow box indicates 5% binning window (35-40% of 
cardiac cycle) used in the reconstructed frame shown in d, data from the red box was 
not included in reconstructed frame due to its vicinity to the peak pressure of the 
ventilator. (c) Single raw image frames with colored boxes indicating the image 
segments, with corresponding timing of the acquisition indicated on the ECG and 
ventilator pressure traces, the yellow box highlights image segments used in the 
example reconstructed image shown in d. (d) A plane reconstructed using 512x33 
pixel segments, 5% of the cardiac cycle, restricted to 70-100% of the respiratory cycle, 
and averaged across 4 µm in z. In c and d, GCaMP6f signal is shown in grey, and 
vasculature is shown in red. Scale bar indicates 50 µm. (e) GCaMP6f signal as a 
function of cardiac and respiratory cycles. Each data point is the intensity averaged in 
a 512x33-pixel segment with values normalized to the maximum intensity per axial 
slice. 50 frames acquired per z-plane, spanning 90 µm in z. Circled points correspond 
to data taken from regions outlined in corresponding colors in the raw image frame in 
c. (f) Data density in the 2D parameter space. Each point represents a 512x33-pixel 
segment from the raw image data. The red box indicates portion of the cardiac and 
respiratory cycle used to generate the reconstructed plane d. 
al., 2015). The elimination of motion and blood flow results in highly artificial 
conditions and also precludes studies of the correlation between local vascular and 
tissue function possible in other tissues such as the brain (Shih et al., 2012; Cianchetti 
et al., 2013).   
Here, we demonstrate MPM imaging of the genetically encoded calcium 
indicator GCaMP6f (Chen et al., 2013) in the beating heart within a living mouse. We 
show the capability to resolve calcium dynamics in single cardiomyocytes and 
characterize the dependence of the calcium signal on both cardiac and respiratory 
cycles as well as depth.  Previous methods needed to compromise by limiting 
measurements to points in the cardiac and respiratory cycle when motion was 
minimized, resulting in a restricted measure of function. Our methods can measure 
local contraction, excitation, and vascular changes all with microscopic resolution 
without breath holds throughout the cardiac cycle.  
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3.2 Materials and methods 
3.2.1 Animals 
Mice expressing the Cre-dependent GCaMP6f fast variant calcium indicator gene 
(B6;129S-Gt(ROSA)26Sortm95.1(CAG-GCaMP6f)Hze/J - Jackson Labs; #024105) 
(Chen et al., 2013) were bred on site with B6.Cg-Tg(CAG-cre/Esr1*)5Amc/J (CAG-
cre/Esr1) mice (Jackson Labs; #004682) (Hayashi and McMahon, 2002). Expression 
of GCaMP6f was induced by intraperitoneal injection of tamoxifen in corn oil (Sigma 
#T5648) for 5 consecutive days (75 mg/kg body weight), resulting in widespread 
tissue expression with strong expression in cardiomyocytes. C57BL/6 wild-type mice 
were used for control experiments. Male and female mice (25 – 40 g), aged 4 – 10 
months old were used for experiments. This study was carried out in accordance with 
the recommendations of Guide for the Care and Use of Laboratory Animals by the 
National Institutes of Health. The protocol was approved by the Institutional Animal 
Care and Use Committee of Cornell University. 
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Figure 8. Volumetric image reconstruction enables quantification of collective 
and single-cell activity in the heart. (a) 3D renderings of image volumes 
reconstructed from segments of 512 x 33 pixels, at the indicated cardiac cycle phases, 
including 50-100% of the respiratory cycle. (b) GCaMP6f intensity change (∆F/F0) in 
six individual cardiomyocytes (shown in a single raw image) throughout the cardiac 
cycle. Quantitative traces were taken from images reconstructed with 512 x 33 pixels 
segments, 2% of the cardiac cycle, including 50-100% of the respiratory cycle, and 
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averaged over 14 µm in depth. (c) Change in vessel width over the cardiac cycle from 
the same imaged volume (indicated by dashed yellow line in b). Images show z-axis 
maximum intensity projections of images reconstructed from 512 x 33 pixel segments, 
averaged over 10% of cardiac cycle, including 50-100 % of the respiratory cycle. (d) 
Single raw image and fluorescence changes from cells in a region near laser-induced 
sterile injury. Images were reconstructed as in b for quantitative analysis. GCaMP6f 
channel is shown in green, and Texas-Red dextran shows vasculature in magenta. All 
scale bars indicate 50 µm. 
 
3.2.2 Design of stabilization window and surgery for imaging  
The design of the stabilization window and imaging setup is shown in Fig. 7a and b 
and Supple. Fig.1. The probe is composed of 3D-printed titanium (iMaterialize, 
Belgium) with a 2-mm central aperture that accepts a 3-mm diameter coverslip 
(Deckglaser Cover Glasses, 64-0726 #0). The tissue interface side of the probe was 
sanded and a channel was etched around the central aperture using fs laser ablation 
with 1-kHz, 15-µJ, 800-nm, 50-fs laser pulses, translated at 0.1 mm/s and focused with 
a 0.28 NA microscope objective (Cerami et al., 2013). This channel prevents tissue 
adhesive spilling underneath the coverslip and impairing image quality. A silicone 
ring, fashioned from silicone molding putty (Castaldo Qick-Sil), is adhered with 
Loctite-406 to the top side of the window to hold water for immersion of the 
microscope objective at the appropriate working distance. The tail of the probe is fixed 
to a micromanipulator that can translate the height of the window to facilitate 
placement onto the ventricle wall, and provide an anchorage point for stabilization 
during imaging. 
3.2.3 Surgical preparation 
Mice were anesthetized with ketamine (10 mg/mL) and xylazine (1 mg/mL) in saline 
via intraperitoneal injection (0.1 mL/10g body weight) and then intubated via the 
trachea using a 22-gauge, 1-inch catheter to allow mechanical ventilation (95 
breath/min, 12 cm H2O end-inspiratory pressure; CWE Inc. SAR-830/P ventilator) 
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with medical grade oxygen and 1.5% isoflurane for maintaining anesthesia. The 
ventilation rate was selected for optimum animal stability and also to avoid harmonics 
of the heart rate so that the cardiac and respiratory cycles were out of phase. The 
mouse was positioned on its right side, on top of a motorized stage with a heating pad 
to maintain body temperature at 37.5 ºC. Hair over the left thorax was depilated, skin 
and muscle layers over the chest wall excised, and the intercostal space between ribs 7 
and 8 perforated and retracted to create space for placement of the window. Following 
removal of the pericardial sac, the stabilization probe was attached to the left ventricle 
free-wall using tissue adhesive (Vetbond). Tissue adhesive was applied to the 
underside of the probe and the window was gently lowered onto the left ventricle wall. 
A two translational-axis micromanipulator, mounted on the surgical stereotaxic 
holding the animal, provided stabilization and positioning of the probe (Fig. 7 and  
Fig. 13). ECG electrodes were attached to 21 gauge needles inserted subcutaneously 
through the front and contralateral hind limb, connected through an isolated 
differential amplifier (World Precision Instruments; #ISO-80), and recorded inside a 
Faraday enclosure mounted to the microscope. ECG and ventilation pressure (from 
ventilator) signals were continuously monitored on an oscilloscope and recorded 
simultaneously with image acquisition.  5% glucose in saline (0.1 mL/10 g body 
weight) and 0.15 mg/mL atropine sulfate (5 µg/100 g body weight) were injected 
subcutaneously every 30 min throughout surgery and in vivo microscopy. This 
procedure allowed stable in vivo imaging for 1 h. A retro-orbital injection of Texas-
Red conjugated, 70 kDa dextran (3% in saline; Thermo #D1830) was performed to 
label blood plasma providing contrast in the vasculature. 
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Figure 9. GCaMP6f imaging in ventricle wall. (a) Intensity of the calcium indicator 
GCaMP6f and (b) Texas-Red fluorescence channels as a function of cardiac and 
respiratory cycle averaged over a stack spanning 90 µm in depth. Displayed values are 
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the average intensities from 512 x 33 pixel segments, normalized to the maximum 
intensity in the sequential series of raw images acquired at that plane. Data were 
combined in bins of 25% of both cardiac and respiratory cycle. Plots of the same data 
showing all individual measurements of GCaMP6f intensity across (c) cardiac and (d) 
respiratory cycles and from the Texas-Red channel across (e) cardiac and (f) 
respiratory cycles. (g) GCaMP6f channel and (h) Texas-Red channel reconstructed 
image projections (left), average plots of fluorescence intensities as function of cardiac 
phase (middle) and respiratory phase (right). Images include 50-100% of respiratory 
cycle, and bin 10% of the cardiac cycle, and include 10 µm in z. The cardiac 
dependence (middle) used bins of 2% of the cardiac cycle. The respiratory dependence 
used bins of 10% of the respiratory cycle. Color of lines indicate phase range of trace 
in opposing cycle. Scale bars are 50 µm. 
3.2.4 In vivo cardiac multiphoton microscopy 
Imaging was conducted using a custom multiphoton microscope equipped with four 
detection channels and an 8-kHz resonant scanner (Cambridge Technology) imaged 
onto a galvanometric pair (Cambridge Technology) to allow for both resonant and line 
scanning.  Resonant scanning data acquisition was performed using a National 
Instruments digitizer (NI-5734), FPGA (PXIe-7975), and multifunction I/O module 
(PXIe-6366) for device control, mounted in a PXI chassis (PXIe-1073) controlled by 
ScanImage 2016b (Pologruto et al., 2003).  A Ti:Sapph laser (Chameleon, Coherent) 
with the wavelength centered at 950 nm, was used to simultaneously excite GCaMP6f 
and Texas-Red fluorescence. Emission was separated using a primary dichroic 
(Semrock FF705-Di01-49x70), a secondary dichroic (Semrock FF593-Di03-90x108), 
and bandpass filters selective for GCaMP6f (517/65) and Texas-Red (629/56). Water 
was placed within the silicone O-ring of the stabilization probe to immerse the 
microscope objective (Olympus XLPlan N 25x 1.05 NA).  Z-stack images were 
collected to a depth of 100–150 µm from the surface (2 µm per z-step) at 4–5 different 
locations per mouse. A series of 50–100 frames (1.7 to 3.3 s) per plane in z were 
collected at a scan speed of 30 frame/sec. 
3.2.5 Assigning cardiac and respiratory phase to image segments 
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The R-wave and expiration peaks were found using findpeak from the Matlab Signal 
Processing Toolbox to generate a lookup table for cardiorespiratory-dependent image  
Figure 10. Cardiac and respiratory cycle variation in fluorescence. (a) 
Electrocardiogram voltage (ECG), fluorescence from GCaMP6f and Texas Red 
injected in vasculature as a function of phase in cardiac cycle. All phases of 
respiratory cycle were included.  (b) Ventilator pressure, and GCaMP6f and Texas 
Red signal as a function of phase in respiratory cycle. All phases of the cardiac cycle 
were included.  Solid line shows mean and shading shows standard deviation from 
eight stacks in three animals. (c) Rise time and (d) decay constants from the calcium 
responses from ten regions of interest across three animals (2% bins of the cardiac 
cycle, excluded 25-50% of the respiratory cycle, and binned 15 µm in depth). Box 
edges represent 25th and 75th percentiles, box centerline indicates median, and 
whiskers are most extreme data not considered outlier. Open circles show means. 
ANOVA showed no significant differences in groups (p = 0.67, p = 0.97). 
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reconstruction and quantification. We found that with a heart rate of approximately 5 
Hz and breathing at 2 Hz, ~1.5 seconds or about 50 frames was sufficient to generate 
images in most of the cardiac/respiratory cycle space. Raw images were divided into 
segments of 𝑛!"#$%   lines in the fast-scan axis (x) direction. Because the scan rate in x-
direction (0.058 ms per line) is fast compared to the dynamics of the cardiac cell, we 
assigned image segments a single value of time relative to heartbeat and breathing.  
For all image segments, a look-up table was generated with position in y, position in z, 
time relative to the preceding R wave, time relative to the preceding trough of lung 
pressure, average intensity value, and a unique identifier of each heartbeat, which were 
used for calcium transient and image reconstruction.  Phase in cardiac cycle was 
defined as  𝐶𝑎𝑟𝑑𝑖𝑎𝑐  𝑐𝑦𝑐𝑙𝑒  𝑝ℎ𝑎𝑠𝑒 = 𝑡!"# − 𝑅!"#!!𝑚𝑎𝑥!(𝑅!"#!! − 𝑅!"#!!)   
and phase in respiratory cycle was defined as  𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑜𝑦  𝑐𝑦𝑐𝑙𝑒  𝑝ℎ𝑎𝑠𝑒 =    𝑡!"# − 𝐸!"#!!𝑚𝑎𝑥!(𝐸!"#!! − 𝐸!"#!!) 
where 𝑡!"# is the time of a given segment, 𝑅!"#!! is the time of the preceding R wave, 𝑅!"#!! is the time of the following R wave, 𝐸!"#!! is the time of the preceding trough 
of pressure, 𝐸!"#!! is the time of the following trough of pressure, and 𝑚𝑎𝑥! is the 
maximum occurring at a given z position.  For exclusion of vascular regions in the 
quantification of fluorescence, the cardiomyocytes were identified by manually setting 
intensity thresholds to extracellular regions.    
3.2.6 Reconstruction of image stack 
Image planes and volumes are reconstructed by sorting segments in the 
cardiorespiratory cycle. Each image segment within a selected range of the 
cardiorespiratory cycle was then registered by the position in y and z into a 
reconstructed stack. In cases where more than one image segment registered to the 
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same position in the reconstruction, the redundant data was averaged. In many 
applications, segments with a range of z-positions can be averaged together if the loss 
in spatial resolution is acceptable. The choice of segment size, and binning in the 
cardiac and respiratory cycles affect the temporal and spatial resolution of the method. 
The binning parameters and the amount of data acquired should be varied to fit the 
needs of the experiment and are reported here for each set of data presented in the 
figures.  
 
Figure 11. Tissue motion throughout cardiac cycle. (a) Representative images of 
myocardial vasculature labelled with Texas-Red dextran dye used for tracking the 3D 
motion of a structure (yellow circle) at the indicated phases in the cardiac cycle. 
Reconstruction used 512 x 65 pixel segments, 5% cardiac cycle bins, included 50-
100% of respiratory cycle and used 2-µm bins in z. (b) Average change in the position 
of features in the myocardium throughout the cardiac cycle from reconstructions from 
and (c) throughout the respiratory cycle (from same data, reconstructed including data 
50–100% of the cardiac cycle, 5% respiratory bins). Solid lines are average and 
shading indicates standard deviation from 14 measurements from eight stacks in three 
animals. (d) Three-dimensional average trajectory of the same data showing the 
average displacement due to cardiac and (e) respiratory motion.   
3.2.7 Calculation of rise time and tau 
Intensity values from stacks were averaged over 15 µm in depth.  To eliminate non-
calcium dependent signals coming from autofluorescence, data from the top 15-30 µm 
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of the raw image stack was not included so that the analysis used only frames with 
visible calcium transients.  Due to the drop in fluorescent signal associated with 
inspiration, data from 25-50% of the respiratory cycle was excluded.  Intensity was 
binned across 2% of the cardiac cycle and normalized to the maximum intensity in the 
series of images acquired at a particular depth.  A single term exponential curve was 
fit from 90% of the peak intensity of the transient to the minimum for calculation of 
tau (Hammer et al., 2014).  The average time from the R wave to the maximum value 
of the transient was used for the rise time.   
 
Figure 12. Relative timing of measured dynamics. (a) Summary of mean trends as a 
function of cardiac and (b) respiratory phase. In-plane motion, is calculated as from 
means in Figure 5 as 𝑥! + 𝑦!.  All curves have been normalized to the maximum 
and minimum.  
3.2.8 Image display and rendering 
Intensity values from stacks were averaged over 15 µm in depth.  To eliminate non-
calcium dependent signals coming from autofluorescence, data from the top 15-30 µm 
of the raw image stack was not included so that the analysis used only frames with 
visible calcium transients.  Due to the drop in fluorescent signal associated with 
inspiration, data from 25-50% of the respiratory cycle was excluded.  Intensity was 
binned across 2% of the cardiac cycle and normalized to the maximum intensity in the 
series of images acquired at a particular depth.  A single term exponential curve was 
fit from 90% of the peak intensity of the transient to the minimum for calculation of 
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tau (Hammer et al., 2014).  The average time from the R wave to the maximum value 
of the transient was used for the rise time.   
Figure 13. Stabilization probe. (a) top and (b) bottom views of the 3D-printed 
titanium stabilization probe. A femtosecond laser ablated groove on the underside that 
prevents tissue adhesion from leaking underneath the coverglass. (c) Assembled probe 
containing the 3-mm diameter coverglass and green silicone ring that serves as 
reservoir for the microscope objective immersion fluid. (d) Left side thoracotomy of 
the mouse presents the left ventricular wall for placement of the imaging window. (e) 
Probe attached to the heart showing the left ventricle myocardium through the 
imaging. (f) Stabilization probe attached to the micromanipulator which allows 
accurate placement of the probe onto the ventricle wall. 
3.2.9 Single-point motion tracking 
ImageJ (imagej.nih.gov/ij) was used to display and process reconstructed images. A 
median filter (1 pixel) was applied and contrast adjusted for display using only linear 
scaling. When displaying changes in intensity of GCaMP6f, the displayed range of 
values was the same at each time point. Renderings of 3D stacks were produced using 
Imaris x64 version 9.0.2 (Bitplane). The blend mode in Imaris was used to display the 
volume following the application of a smoothing filter (3 x 3 x 1 pixel size). 
To quantify motion in the myocardium due to cardiac contraction, images were 
reconstructed by averaging over 5% of the cardiac cycle time, only using images 
a cbTop Bottom
Adhered to heart
Assembled
Open chest Micromanipulatord e f
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captured during 50–100% of the respiratory cycle. To quantify motion in the 
myocardium due to respiratory movement, images were reconstructed averaging over 
5% of the respiratory cycle, only using images captured during 50–100% of the 
cardiac cycle. Both cardiac and respiratory cycle reconstructions used 65 x 512 
segments of each frame. ImageJ was used to display reconstructed stacks combined at 
each 2 µm depth, with each frame of the stack representing sequential 0–5% averaged 
images throughout the cardiac or respiratory cycle. This allows the point of a small 
vessel bifurcation to be tracked throughout each 0–5% averaged increment of the 
cycle and each position (x, y, z) to be recorded. These measurements were repeated 
across three mice consisting of a total of 8 image stacks and of 14 tracked single 
points. 
Figure 14. Histology of the imaged heart. (a) Hematoxylin and eosin staining of in 
vivo, MPM imaged heart demonstrated no observable damage to cell structure (insert). 
(b) Heart rate during imaging remains constant.  
3.2.10 Single-cell calcium quantification 
To quantify cardiomyocyte calcium transients, images were reconstructed from 512 x 
33 pixel segments, averaging over 2% of the cardiac cycle, using images captured 
during 50-100% of the respiratory cycle. Reconstructed images were averaged over 14 
µm in z, to account for motion in z due to the cardiac cycle. ImageJ was used to draw 
a line along the longitudinal axis of a cardiomyocyte within the bounds of the 
vasculature and provide a mean intensity value at each 2% of the cardiac cycle. The 
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ΔF/F (ΔF, fluorescence intensity change from fluorescence at R wave; F, fluorescence 
intensity at R wave) was calculated and filtered using the filter function in Matlab with 
a window size of 5 and periodic boundary conditions. 
3.2.11 Vessel width quantification 
To quantify changes in vessel diameter, images were reconstructed using 512 x 33 
pixel segments, averaging over 10% of the cardiac cycle time, using images captured 
during 50-100% of the respiratory cycle. Z-slices were maximum intensity projected 
in the z-axis to produce a single frame that was rotated so that the vessel was vertical. 
The line tool in ImageJ was used to take 5 measurements of the vessel width at 10% 
increments in the phase of the cardiac cycle. 
Figure 15. Higher frame rate imaging shows reduced in-frame motion due to 
heart contraction. Raw image frames showing same cardiac vessel with (a) standard 
galvonometric scanning and (b) resonant scanning. Green dotted lines indicate the 
timing of the peak of the R-wave from the electrocardiogram which align with image 
artifacts. Scale bar is 10 µm. 
3.2.12 Software and code 
Matlab was used for reconstruction and cardiorespiratory cycle-dependent analysis. 
Scripts are available in Supplementary Materials. Matlab was used for box plots and 
statistics analysis. Graphpad Prism 7 was used to generate graphs of single-cell 
calcium traces. 
3.2.13 Histology 
Galvanometric Scanning (~ 1fps) Resonant Scanning (~ 30 fps)a b
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At the end of imaging, the probe was removed and the animal deeply anesthetized, 
followed by transcardial perfusion with cold (4°C) phosphate buffered saline (PBS, 
pH 7.4, Sigma-Aldrich) followed by 4% (w/v) paraformaldehyde (PFA, ThermoFisher 
Scientific) in PBS. The heart was excised and cut in the cross-sectional plane at the 
location of attached probe which was indicated by remnants of tissue adhesive. Hearts 
were placed in 4% PFA for 1 day, and then in 30% sucrose (w/v) in PBS for 1 day. 
The heart was frozen in Optimal Cutting Temperature (OCT) compound (Tissue-Tek) 
and cryo-sectioned at 7-µm thickness onto glass slides. Hematoxylin and eosin 
staining was performed using standard procedures. 
3.3 Results 
3.3.1 Surgical stabilization, fast scanning, and sorting by cardiac and respiratory 
phase enable in vivo MPM of cardiac dynamics  
In anesthetized, mechanically ventilated mice, we acquired ~100-µm thick image 
stacks with 2-µm step size and 50-100 images per plane through a window mounted to 
a stabilized probe glued to the left ventricle (Fig. 7a, Fig. 13) while recording the ECG 
and ventilator pressure (Fig. 7b). This preparation caused no observable damage (Fig. 
14a) and heart rate was stable throughout the imaging session (Fig. 14b). High frame 
rate imaging (30 fps), using resonant scanners, produced images in real time 
throughout the cardiac cycle, with minimal image distortion due to tissue motion as 
compared to slower scanning (Fig. 15). In contrast to previous approaches (Aguirre et 
al., 2014; Vinegoni et al., 2015b), breathing was not paused during measurement and 
image acquisition, and the heartbeat was not synchronized to acquisition. Instead, the 
effects of breathing and heartbeat were decoupled by reconstructing 3D volumes from 
smaller image segments sorted by both the cardiac and respiratory phase 
(Santisakultarm et al., 2012) (Fig. 7c-f), with the size of bins in phase and position in z 
adjusted for the needs of the application. 
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Figure 16. GCaMP6f imaging in ventricle wall. (a) Intensity of the calcium 
indicator GCaMP6f and (b) Texas-Red fluorescence channels as a function of cardiac 
and respiratory cycle averaged over a stack spanning 90 µm in depth. Displayed 
values are the average intensities from 512 x 33 pixel segments, normalized to the 
maximum intensity in the sequential series of raw images acquired at that plane. Data 
were combined in bins of 25% of both cardiac and respiratory cycle. Plots of the same 
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data showing all individual measurements of GCaMP6f intensity across (c) cardiac 
and (d) respiratory cycles and from the Texas-Red channel across (e) cardiac and (f) 
respiratory cycles. (g) GCaMP6f channel and (h) Texas-Red channel reconstructed 
image projections (left), average plots of fluorescence intensities as function of cardiac 
phase (middle) and respiratory phase (right). Images include 50-100% of respiratory 
cycle, and bin 10% of the cardiac cycle, and include 10 µm in z. The cardiac 
dependence (middle) used bins of 2% of the cardiac cycle. The respiratory dependence 
used bins of 10% of the respiratory cycle. Color of lines indicate phase range of trace 
in opposing cycle. Scale bars are 50 µm.  
3.3.2 Volumetric image reconstruction shows both regional and single cell 
cardiomyocyte calcium transients in vivo 
Reconstructed 3D stacks from a mouse expressing GCaMP6f in cardiomyocytes and 
with a vascular injection of dye enabled the clear visualization of blood vessels and 
cardiomyocytes and revealed the dynamic relationship throughout each phase of the 
cardiac cycle (Fig. 8a). Red blood cells were visible as dark patches within the  
fluorescent blood plasma in the vessel lumen (Kleinfeld et al., 1998). GCaMP6f 
intensity changes peaked at 10-20% of the cardiac cycle. Reconstructed single frame 
images from the same volume enabled the GCaMP6f signal in individual 
cardiomyocytes to be extracted, providing quantification of calcium transients from 
single cells throughout the heartbeat (Fig. 8b). As an example of a vascular 
measurement from the same stack, we measured changes in the width of a nearby 
vessel as a function of the cardiac cycle, and found width decreased to 83% (22.7 µm 
decrease) of its maximum diameter at ~75% of the cardiac cycle (Fig 8c). Irradiation 
with high laser power can induce a sterile lesion that alters calcium handling(Davalos 
et al., 2005). In a different region in the same heart, higher power laser irradiation 
resulted in increased GCaMP6f fluorescence intensity compared to surrounding cells. 
Below the lesion, a subset of cardiomyocytes (cells 4-6 in Fig. 8d) displayed aberrant 
calcium dynamics that were not synchronized with the surrounding region (cells 1-3 in 
Fig. 8d). 
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3.3.3 Cardiac- and respiratory-cycle decoupling enables quantification of depth-
dependent calcium dynamics  
To highlight the effects of breathing and heartbeat, GCaMP6f and vascular Texas Red 
fluorescence, normalized by the maximum intensity at each depth, from one imaged 
volume is displayed as a 2D function of both the cardiac and respiratory cycle (Fig. 9). 
The GCaMP6f signal exhibited a cardiac-cycle dependent peak consistent with 
measurements in ex vivo preparations (Rubart et al., 2003b) (Fig. 9a and c), as well as 
a respiratory-cycle dependent decrease near the peak lung pressure (Fig. 9a and d). In 
this stack, signal from the vascular label decreased shortly after the R-wave and 
exhibited a respiration-dependent decrease that mirrored that of the GCaMP6f signal 
(Fig. 9b, e and f). However, averaged over multiple stacks, Texas Red fluorescence 
remained constant across the cardiac cycles and nearly constant across respiratory 
cycles, while GCaMP6f had both cardiac and, to a lesser extent, respiratory cycle 
variation (Fig. 10, eight stacks in three animals). In wild type mice that did not express 
the calcium indicator, we imaged autofluorescence using the same emission filters 
used for GCaMP6f and observed a small increase in intensity within the first half of 
cardiac cycle (Fig. 16a). The raw change in the fluorescence intensity, however, was 
about 90 times smaller than in GCaMP6f-expressing mice. To study the effect of 
depth, we measured the GCaMP6f and vascular label signals across both the 
respiratory cycle and cardiac cycle as a function of position below the heart surface 
(Fig. 10g and h). We calculated rise time and decay time (Hammer et al., 2014) of the 
GCaMP6f signal across the cardiac cycle as a function of imaging depth (eight stacks 
from three mice, data from 25-50% of the respiratory cycle excluded to avoid 
confounding effects of the respiratory-dependent fluorescent intensity fluctuation) and 
found that both rise and decay times remained relatively constant over depths from 15 
to 90 µm (p = 0.67, p = 0.97, ANOVA) with mean values of 32 ± 7 and 103 ± 34 ms, 
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respectively, and are consistent with other measurements with GCaMP6f (Hammer et 
al., 2014) (Fig. 10c and d). 
3.3.4 Displacement in the myocardium is dependent on the cardiac and respiratory 
cycles 
Tissue displacement relative to the stabilized probe was dependent on both heart 
contraction and lung inflation. To quantify this motion throughout the cardiac cycle, 
point-like structures, such as the edge of a capillary bifurcation, were manually 
tracked in 3D in reconstructed stacks (Fig. 11a; binned by 5% of the cardiac cycle, 
averaged over the second half of respiratory cycle). In-plane displacements (base-apex 
(x) and anterior-posterior (y)) from the initial positions at the start of the cardiac cycle 
had an elliptical profile and were larger (32.4 ± 31.6 µm, mean ± standard deviation, 
and 32.3 ± 31.3 µm, respectively; 14 measurements across three animals) than out of 
plane in the axial (depth in myocardium) direction (3.9 ± 4.7 µm) (Fig. 11b and d), 
During the respiratory cycle, displacements from the position at lowest ventilation 
pressure in the base-apex and anterior to posterior directions were small, while 
structures moved in the ventral, out-of-plane direction by 9.5 µm ± 3.8 around the 
time of peak lung inflation (Fig. 11c and e; averaged over second half of cardiac cycle, 
5% binning along respiratory cycle). 
3.4 Discussion 
Multiphoton microscopy of GCaMP6f-expressing mice provides a novel method to 
study in vivo excitation-contraction coupling. Using the combination of fast image 
acquisition, surgical stabilization, image reconstruction algorithms, and a genetically 
encoded calcium reporter, we demonstrated the ability to image and quantify in vivo 
calcium transients at single-cell resolution in the beating mouse heart during 
respiration. This enabled the measurement of aberrant calcium activity in individual 
cells within the tissue. Furthermore, this technique allows the simultaneous 
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quantification of additional in vivo cardiac dynamics including displacement and 
vessel width changes at each phase of the cardiac and respiratory cycles. Figure 6 
summarizes the relative timing of physiologic dynamics over the cardiac and 
respiratory cycles. Data aggregated across three animals show that the GCaMP6f 
fluorescence peak precedes the maximum in-plane displacement but coincides with 
the out-of-plane motion in cardiac cycle. Such measurements enable novel assays of 
the relationship between excitation and mechanical output. 
Figure 12 summarizes the relative timing of physiologic dynamics over the 
cardiac and respiratory cycles. Data aggregated and normalized across three animals 
show that the GCaMP6f fluorescence peak proceeds the ventricular R-wave, and is 
then followed by base-apex and anterior-posterior motion occurring within the image 
plane, resulting in the dominant component of cardiac motion. This temporal 
relationship between cardiomyocyte excitation-contraction coupling, and the role of 
calcium, has been widely demonstrated in vitro and ex vivo perfused heart, yet has not 
been demonstrated in the true in vivo environment. Out-of-plane motion in the cardiac 
cycle coincides with GCaMP6f peak fluorescence, however is minimal and within the 
standard deviation of change (Fig 10b), likely demonstrating an insignificant 
occurrence to the temporal relationship of excitation-contraction coupling. Cardiac 
dependent Texas-Red vascular fluorescence shows high frequency fluctuations when 
averaged across shallow axial sections, as shown in Fig. 9h and Fig. 16h, and likely 
attributed to aggregate fluorescence on capillaries that is modulating in and out of 
plane at sub axial sampling scale, as these intensity variations are not present in 
regions containing only vasculature (data not shown).  These fluctuations do average 
out when looking at whole stack or across animal data since they approximately 
randomly distributed.  The cardiac dependent variation seen in Fig. 12 can be 
attributed to noise that is enhanced by normalizing the signal to compare objectively 
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across data types. These measurements enable novel assays of the relationship 
between excitation and mechanical output.  We also note that GCaMP6f has a 𝑡!/!  (!"") time of 288 ms, meaning that our measured decay is overestimated (Helassa, 
Podor, Fine, & Torok, 2016). 
Multiple aspects of these measurements suggest that variation of GCaMP6f 
intensity across the cardiac cycle is largely attributable to changes in calcium 
concentration. The contribution of autofluorescence (Fig. 16), which is likely 
dominated by NADH (Zipfel et al., 2003; Blinova et al., 2004), was small compared to 
the GCaMP6f signal. The volume of cardiomyocytes stays approximately constant 
throughout contraction (Sonnenblick et al., 1967; Rodriguez et al., 1992; Leu et al., 
2001), so that the concentration of GCaMP6f likely stays the same and does not 
contribute to the signal change. The fluorescence from the vascular label stayed 
constant over the cardiac cycle, although individual planes showed fluctuations both 
increasing and decreasing which tended to match timing of the out-of-plane motion, 
peaking around 25% of the cardiac cycle (for example, Fig. 9h). The lack of cardiac-
cycle dependence of the vascular channel suggests that optical or motion effects, 
which would be similar in both fluorescence channels, likely do not account for the 
change in the GCaMP6f cardiac-dependent signal. Relative to the respiratory cycle, 
the GCaMP6f and vascular signals had a minimum around 35% of the respiratory 
cycle which also coincided with the timing of the maximum out-of-plane displacement 
and ventilator pressure (Fig. 12b). While we cannot completely rule out a contribution 
from out-of-plane motion effects on the GCaMP6f intensity increase during the 
cardiac cycle, we can argue that the magnitude of the effect of cardiac cycle motion 
must be less than that of breathing motion because the breathing displacement is larger 
than the cardiac cycle displacement. This suggests that motion, at worst, can only 
account for a small fraction of the cardiac cycle GCaMP6f signal intensity change. 
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Both breathing and heartbeat change the shape and composition of tissue so that future 
studies will need to take the resulting changes in path length, absorption, scattering, 
and wavefront distortion into account. 
Our methods enable simultaneous measurement and visualization of multiple 
aspects of cardiac physiology at the cellular scale, including motion, calcium activity, 
and vasculature. The time resolution of the acquisition allows data collection 
throughout systolic contraction of the cardiomyocyte. Allowing the animal to respire 
during measurements enables studies of the coupling between respiratory and cardiac 
function and facilitates studies of disease models that could be confounded by breath 
holds. Although both clinical practice and experimental protocols take advantage of 
the coupling between breathing and cardiac function, an understanding of the 
relationship between the respiration and cardiac function, such as the diving reflex in 
which a breath hold decreases heart rate (Panneton, 2013), is still incomplete. 
Breathing also exerts forces on the cardiac tissue which could influence tissue 
perfusion and cardiomyocyte function in both disease and healthy individuals. 
In this method, there is a tradeoff between 1. the degree of binning in cardiac and 
respiratory phase and in the extent of spatial averaging and 2. the amount of time spent 
imaging to acquire sufficient data at a given depth. We demonstrated that 1.5-3s of 
image acquisition per axial plane is sufficient for characterization across both 
respiratory and cardiac cycles, so experiments involving stacks before and after a 
manipulation or time-lapse studies are quite feasible. Methodological limitations 
include the direct adherence of the window to the cardiac tissue, which, although the 
region of adhesive is limited as much as possible with to a thin ring, could alter tissue 
function. This preparation does allow recovery procedures in which the probe is 
removed and the animal recovers, but repeated open chest surgeries are a practical 
limitation. 
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While faster imaging modalities such as ultrasound (Cikes et al., 2010) and 
OCT (Srinivasan et al., 2010) can measure tissue motion and blood flow more 
conveniently that MPM, fluorescence techniques have the advantage of the availability 
of many functional indicators such as GCaMP6f and label specificity through 
promoter-driven reporter gene expression. Combined with our protocol for in vivo 
imaging, this makes multiphoton microscopy a potent tool for cardiac studies. 
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CHAPTER 4 
 
OPTICAL PARAMETERS FOR IN VIVO MULTIPHOTON MICROSCOPY OF 
BEATING MOUSE HEART  
4.1 Introduction  
 
Despite pharmacological advances improving our ability to slow progression of heart 
disease, the creation of more effective stent technology, and advancement in the 
maintenance of arrhythmogenic tissue following infarction, heart disease remains the 
leading cause of death globally. Conditions such as microvascular angina and heart 
failure with preserved ejection fraction persist in a large percentage of patients and 
treatment strategies remain unclear (Pries & Reglin, 2017).  Additionally, therapeutic 
approaches using viral reprogramming and engineered tissue, which have been 
successful in animal models have failed to reach the clinic, indicating that 
technologies used in animal studies are failing to recapitulate conditions present in the 
in vivo microenvironment.  In the last decade, the field of neuroscience has realized 
the benefits of multiphoton microscopy alongside advances in genetic tools allowing 
precise quantitative study of the activity of individual neurons within large cell 
populations in vivo, bridging major gaps in our understanding of circuit level brain 
activity.  Recently, NOPA’s functioning in the 1300-1700 nm range have become 
commercially available. These laser sources enable optical imaging using three-photon 
excitation (3PE) microscopy into areas of the brain not previously reachable.  We 
(Jones, Small, & Nishimura, 2018), and others, (Aguirre, Vinegoni, Sebas, & 
Weissleder, 2014; Hatzistergos et al., 2016; Lee et al., 2012; Li et al., 2012) have 
recently demonstrated two-photon excitation (2PE) microscopy of the beating heart in 
mice.  Increased imaging depth would allow study of disease mechanisms involved in 
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deeper structures such as the penetrating branches of coronary artery architecture, 
which morphologically vary as a function of depth into the endocardium.   
The utility of 3PE microscopy depends on tissue properties and application-
related constraints that are unique to the heart that need to be measured and optimized. 
To our knowledge there have been no studies investigating the performance and utility 
of such information in beating cardiac tissue in vivo. Here, we measure optical 
parameters critical to optimizing multipthoton microscopy in the near infrared (NIR) 
wavelength in beating heart as a first step toward the application of these technologies 
to study the heart. 
            For a given wavelength, the characteristic attenuation length (CAL), defined as 
𝑙! = !!! + !!! !!where 𝑙! is the absorption length and 𝑙! is the scattering length, sets 
the physical limitation of the imaging depth achievable in a tissue.  Due to the highly 
scattering nature of cardiac tissue, the achievable depth of imaging with multiphoton 
microscopy is limited and stands to benefit from excitation sources further into the 
NIR where there are regions with less attenuation from water.  The higher contrast 
achieved using 3PE also would be beneficial to quantify high-resolution structures 
such as sarcomeres of the cardiomyocytes.  The increase in signal gained from higher 
repetition rate laser sources is limited by the thermal capacity of the tissue.  In order to 
record images unaffected by systolic contractile motion, which is required to study 
cardiac dynamics, scanning must be performed at a high speed, requiring higher 
repetition rate lasers to provide sufficient pulses per pixel.  The cardiac muscle is 
drastically different from brain and the capacity to dissipate high-powered laser energy 
in vivo has not been explored.  
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Here, we measure the characteristic attenuation length of heart tissue in vivo 
and explore the utility of femtosecond excitation sources throughout the range of 
wavelengths reported for multiphoton microscopy using both 2PE and 3PE driven 
processes.  Due to the abundance of large vessels relative to the FOV in the ventricle, 
we investigate the properties of capillary-rich myocardial tissue and the larger post-
capillary venules separately.  We use a custom, high frame rate, multiphoton imaging 
system, equipped with a NOPA, capable of tuning to 1700 nm for 3PE, as well as a 
Ti:Sapphire laser (Chameleon) for 2PE, to characterize the effect of scattering 
throughout the broad range of wavelengths.  
 
4.2 Methods  
4.2.1 Animal surgical procedure 
Mice were anesthetized with ketamine (10 mg/mL) and xylazine (1 mg/mL) in saline 
via intraperitoneal injection (0.1 mL/10g body weight) and then intubated via the 
trachea using a 22-gauge, 1-inch catheter to allow mechanical ventilation (95 
breath/min, 12 cm H2O end-inspiratory pressure; CWE Inc. SAR-830/P ventilator) 
with medical grade oxygen and 1.5% isoflurane for maintaining anesthesia.  The 
ventilation rate was selected for optimum animal stability and also to avoid harmonics 
of the heart rate so that the cardiac and respiratory cycles were out of phase. The 
mouse was positioned on its right side, on top of a motorized stage with a heating pad 
to maintain body temperature at 37.5 ºC. Hair over the left thorax was depilated, skin 
and muscle layers over the chest wall excised, and the intercostal space between ribs 7 
and 8 perforated and retracted to create space for placement of the window. Following 
removal of the pericardial sac, a stabilization probe was attached to the left ventricle 
free-wall using tissue adhesive as described previously (Jones et al., 2018). ECG 
electrodes were attached to 21 gauge needles inserted subcutaneously through the 
  71 
front and contralateral hind limb, connected through an isolated differential amplifier 
(World Precision Instruments; #ISO-80), and recorded inside a Faraday enclosure 
mounted to the microscope. ECG and ventilation pressure (from ventilator) signals 
were continuously monitored on an oscilloscope and recorded simultaneously with 
image acquisition.  5% glucose in saline (0.1 mL/10 g body weight) and 0.15 mg/mL 
atropine sulfate (5 µg/100 g body weight) were injected subcutaneously every 30 min 
throughout surgery and in vivo microscopy. This procedure allowed stable in vivo 
imaging for 3 h. A retro-orbital injection of Texas-Red conjugated, 70 kDa, neutral 
dextran (3% in saline; Thermo #D1830), and fluorescein conjugated dextran, 70 kDa , 
anionic (3% Thermo #D1823) was performed to label blood plasma providing contrast 
in the vasculature. For cryoinfarction imaging, a thoracotomy was performed allowing 
a liquid-nitrogen-cooled probe with a 3 mm diameter to be touched to the surface of 
the left ventricle for 8 – 10 sec twice. 6-0 silk sutures were used to close the rib, 
muscle and skin layers, allowing the mouse to regain natural respiration. Following 7-
days of recovery, the same surgical procedure was performed for in vivo cardiac 
imaging. To compensate for the reduced density of fluorophores due to a loss of 
cardiomyocytes and vasculature within the infarcted tissue, homozygous 
Cx3Cr1GFP/GFP mice (B6.129P-Cx3cr1tm1Litt/J; Jax stock No: 005582) (Jung, 2000) 
were bred to homozygous CCR2RFP/RFP mice (B6.129(Cg)-Ccr2tm2.1Ifc/J; Jax stock 
No: 017586) (Saederup et al., 2010) to generate double transgenic hemizygous 
Cx3Cr1-/GFP-Ccr2-/RFP mice, and were used for in vivo imaging of cryoinfarcted 
myocardium since fluorescence is generated from monocyte populations common to 
injured myocardium. 
 
4.2.2 Microscopy and laser source   
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Imaging was conducted using a custom multiphoton microscope with two detection 
channels and an 8-kHz resonant scanner (Cambridge Technology) imaged onto a 
galvanometric (galvo) pair (Cambridge Technology) to allow for both high frame rate 
imaging with resonant scanning and arbitrary pattern scanning with galvo scanning.  
Resonant scanning data acquisition was performed using a National Instruments 
digitizer (NI-5734), FPGA (PXIe-7975), and multifunction I/O module (PXIe-6366) 
for device control, mounted in a PXI chassis (PXIe-1073) controlled by ScanImage 
2016b (Pologruto, Sabatini, & Svoboda, 2003).  1300 nm and 1700 nm laser light was 
generated by a NOPA (Coherent, Opera-F) pumped by a diode-pumped, amplified 
femtosecond laser (60 µJ/pulse at 1 MHz; Coherent, Monaco). Dispersion for 1,300-
nm excitation was compensated with an SF11 prism pair (Ouzounov et al., 2017).  For 
1,700-nm lasers, dispersion is compensated using stacked silicon wafers (University 
Wafer ID# 2808) set at Brewster’s angle (Horton & Xu, 2015). A Ti:Sapph laser 
(Chameleon, Coherent) was used for 2PE imaging at 900 nm or 775 nm.  Imaging was 
performed from 1-30 fps as noted.  Images were acquired with two Olympus XLPlan 
N 25x 1.05 NA objectives, one optimized for high transmission of 1700 nm light.  
Emission was separated using wavelength specific primary dichroic (Semrock FF705-
Di01-49x70, BLP01-980R-49x70), a secondary dichroic (Semrock FF593-Di03-
90x108), and bandpass filters selective for fluorescein (517/65) and Texas-red 
(629/56).  Each sequential stack within an ROI was started at the halfway point of the 
previous stack, and power was adjusted so that the top of the stack was not saturated 
and the bottom of the stack still had signal.  As stacks moved deeper, the total depth of 
the stack was decreased since signal was lost quicker due to the exponential 
attenuation of the excitation light.  
4.2.3 Calculation of characteristic attenuation length.    
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To investigate the cardiorespiratory impact on the tissue optical properties we 
separately quantified the characteristic attenuation length within a large vessel 
(diameter ≥ 50  𝜇𝑚) and within surrounding myocardium in areas lacking large 
vessels. For each axial slice, a time lapse of 50 images was taken, which has been 
shown previously to generate sufficient data to populate all cardiorespiratory phases 
(Jones et al., 2018).  The cardiac and respiratory cycles were normalized per each 
breath/beat so that the position in each unique cycle was expressed as a percentage of 
that cycle. Fluorescent intensity of pixels in the top 0.1% of values within a frame that 
fell in a 5% x 5% window of the cardiac and respiratory cycles respectively, were 
averaged. Each data point in the signal decay curve represents the average of all pixels 
within one frame that occurred during the given phase of the cardiorespiratory cycle. 
If there is no data satisfying the gating criteria for a given frame then no data point is 
generated for that frame. The number of pixels averaged from a frame varies with 
heart rate and the peak respiratory pressure being driven by the ventilator. Due to this 
variation, some frames contain no data from a given phase.  A linear curve was fit to 
the log plot of the signal decay.  For power adjustments occurring between 
consecutive stacks, the intensity of the background due to the electronic noise floor 
was subtracted and the signal intensity adjusted according to  < 𝐹 𝑡 !! >  ∝  < 𝑃 >! 𝑒!!!!!  
for 2PE and  < 𝐹 𝑡 !! >  ∝  < 𝑃 >! 𝑒!!!!!  
 
for 3PE.  Where < 𝑃 > is the time averaged power, 𝑧 is the imaging depth in the 
tissue, and 𝑙! is the characteristic attenuation length (Horton et al., 2013).  Stacks were 
started well above the tissue surface so that a clear rise in fluorescent signal was 
apparent at the start of the stack showing the boundary of the tissue surface. Regions 
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were defined as either microvasculature or capillary-rich myocardial tissue based on 
averaged projections of the 50 frame image series at each z slice that show the average 
location of the microvessels over the entire trajectory of tissue motion (Fig. 2). 
Continuous regions that only contained vessels < 50  𝜇𝑚 in diameter were categorized 
as myocardium.   
 
  
Figure 17.  Average intensity projections of one z slice within cardiac tissue 
showing examples of the morphological features analyzed in Figure 18. a) Healthy 
myocardium with galvanometric (galvo) scanning using 1300 nm 3PE. b) 
Cryoinfarcted myocardium with galvo using 1300 nm 3PE. c) Healthy myocardium 
with resonant scanning using 900 nm 2PE. d) Healthy myocardium with resonant 
scanning using 1300 nm 3PE. e) Healthy microvesssel with resonant scanning using 
900 nm 2PE. f) Healthy microvessel with resonant scanning 3PE. 
 
4.3 Results  
a
Myocardium 
1300 nm Galvo
b
Cryoinfarcted 
1300 nm Galvo
c
Myocardium 
900 nm Resonant  
d
Myocardium 
1300 nm Resonant
e
Microvessel
900 nm Resonant 
f
Microvessel 
1300 nm Resonant
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We measured the intensity of 2PE and 3PE fluorescence from dyes in vasculature 
excited by several different wavelengths in image stacks taken at constant power with 
example images shown in Fig. 17.  Fig. 18a shows the fluorescent intensity as function 
of depth normalized to < 𝑃 >! or  < 𝑃 >!   in  a  single  animal (Kobat et al., 2009). 
Discontinuities in the plots of ln(signal) versus depth were observed throughout the 
stacks (Fig. 18a).  Within the left ventricle of a mouse, the upper few hundred 
micrometers of tissue is densely populated with large microvasculature, making it 
likely to encounter a region which is obstructed by large vessels when the field of 
view is 250 𝜇𝑚 across and more than 100  𝜇𝑚 deep. Therefore, we report CAL 
measurements through a large (> 50 µm) surface vessel separately (labeled 
microvessel). In the regions labeled as myocardium the capillaries are distributed 
throughout the tissue and were used as the source of the fluorescent signal for this 
measurement. The myocardium without large vessels consistently has a longer CAL 
than the large blood vessels across all excitations wavelengths. 
To investigate the impact of the motion of the beating heart, compression of 
the vasculature, and axial motion resulting from the respiring lungs, we analyzed CAL 
as a function of the cardiac and respiratory cycle.  The curves of log signal versus 
depth regained a linear trend in the myocardium when the data were restricted to 5% 
of cardiac and 5% of respiratory cycles (Fig. 19). In all cases, measurements that were 
restricted by cardiorespiratory phase resulted in an increased estimate of CAL relative 
to the aggregated estimate as shown in Fig. 18b.   For both 1300 and 900 nm 
excitation, there does not appear to be a strong dependence on either cardiac or 
respiratory cycle (Fig. 20). In the beating heart, we found the averaged 
cardiorespiratory-phase-aligned CAL in the myocardium to be 97 𝜇𝑚 for 900-nm, 
2PE excitation, 160 𝜇𝑚 for 1300-nm, 3PE excitation, and 204 𝜇𝑚 for 1700-nm, 3PE 
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excitation.   For cryoinfarcted tissue, we found that the CAL to be 106 𝜇𝑚 for 900-nm 
excitation and 161 𝜇𝑚 for 1300-nm excitation.  
Ultimately, thermal damage is the limiting factor when increasing the average 
power of a source used for imaging.  In a preliminary study of thermally dissipative 
capacity of myocardial tissue using resonant scanning, the 1300 nm light was focused 
through a large microvessel at a depth of 250 𝜇𝑚 below the tissue surface for ~ 1 
minute at 300 mW.  We found there was no drop in fluorescence signal due to a 
change in scattering due to surface damage.  A lower intensity stack taken after 
scanning at full power at depth revealed there was no broadband autofluorescence 
emission normally associated with high power tissue damage.   This indicates that the 
heart may be able to withstand more thermal energy in vivo than brain.  
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Figure 18.  Comparison of CAL in ventricle using two- and three- photon 
excitation with various wavelengths. a. Fluorescent signal through large vessel in 
same animal driven by two- and three-photon processes in the beating heart averaged 
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over the cardiorespiratory cycle.   Data shows top 0.1% of signal in stacks taken 
through a large vessel with varying wavelengths and represents 3-8 stacks taken in 2 𝜇𝑚 steps axially with a power adjustment at each stack.  Two and three photon signal 
data were normalized for incident power. b. Impact of high-speed imaging and 
cardiorespiratory alignment on CAL quantification in healthy and diseased myocardial 
tissue through NIR. c. CAL in large microvessel measured with 1300 nm using 3PE 
and 900 nm using 2PE-driven processes showing impact of cardiorespiratory phase 
alignment.  
 
 
 
Figure 19.  Depth-dependent intensity is used to estimate CAL in three power-
adjusted stacks with 50 𝝁𝒎 of axial overlap in sequential stack in one mouse.  
Ungated fluorescence signal attenuation in myocardial tissue shows varied slopes as a 
function of depth, requiring registration of pixels to specific cardiorespiratory phase 
before quantification. Restricting data to a subset of cardiorespiratory phase aligns 
signal attenuation curves allowing for in vivo quantification of the CAL in the beating 
heart of a respiring animal.  a. Raw data of fluorescence from FITC-dextran that labels 
blood plasma using 1300 nm excitation from three sequential stacks with an overlap of 
half of the total depth of each stack with the next. Power was adjusted for each stack, 
with misalignment appearing at the end of the stack.  b. Measurement of CAL as a 
function of cardiorespiratory phase.  Data was binned at 5% of both cardiac and 
respiratory cycles, where each cycle was normalized per beat/breath to set binning 
restriction. c. Signal attenuation occurring within the 5% x 5% cardiorespiratory phase 
outlined in the red box in c without apparent misalignment of attenuated signal 
between stacks. 
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Figure 20.  Variability of signal attenuation restricted to a specific phase in 
cardiorespiratory cycle within myocardium.  a.  Characteristic attenuation length of 
1300 nm signal using 3PE restricted to (a) 5% of the respiratory cycle and averaged 
across the cardiac cycle in 5% bins and (b) 5% of the cardiac cycle.  Characteristic 
attenuation length of 900 nm signal using 2PE restricted to (c) 5% of the respiratory 
cycle and averaged across the cardiac cycle in 5% bins and (d) 5% of the cardiac 
cycle.  Red stars on the graph are statistical outliers, whiskers indicate plus minus 
standard deviation, and box top and the bottom edges of the box represent the 75th 
percentile of the data 
 
4.4 Discussion 
Compared to two-photon excitation with Ti:Sapph laser wavelengths, we 
demonstrated increased CAL using 1300 and 1700 nm excitation using 3PE, enabling 
greater imaging depths within the beating heart of a respiring mouse. In brain, CAL 
has been extensively quantified throughout the wavelengths available for multiphoton 
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microscopy and shown to be; 131 𝜇𝑚 at 775 nm (Kobat et al., 2009), 200 𝜇𝑚 at 830 
nm (Shih et al., 2012), 285 𝜇𝑚 at 1280 nm (Kobat et al., 2009), and at a maximum of 
365  𝜇𝑚 within the neocortex at 1700 nm (Horton et al., 2013).  At both 1280 nm and 
1700 nm excitation, the CAL measured in brain are 1.8 times larger than what we 
report in heart, indicating that in vivo cardiac tissue shows a similar trend of 
increasing CAL when using excitation wavelengths further into the NIR. The heart is 
substantially more attenuating than brain. The least amount of attenuation resulted 
from 1700 nm excitation. This indicates that multiphoton microscopy in the heart 
stands to gain the same benefit from laser technology for high intensity sources at 
longer wavelengths as the brain.   
One limitation unique to heart is in frame contractile motion that causes image 
distortion when scanning is less than the velocity of the tissue.  The NOPA used here 
for 3PE was operating at 1 MHz, limiting the pixel dwell time and hence maximum 
scan rate.  We found that even when scanning at 7 fps with a pixel resolution of ~1.5 
pixels per 𝜇𝑚, which puts the dwell time per pixel at 500 ns and guarantees at least 
one pulse per pixel, contractile image artifact was still present. Decreasing pixel 
resolution could mitigate this problem, but this can compromise spatial resolution, 
which may not be acceptable for all applications.  Recently, it was shown that 
quantification of calcium spikes in the beating heart could be performed with the level 
of down sampling compatible with fast scanning using low rep rate sources (Jones et 
al., 2018).  If only structural imaging is required, gating for diastole, when cardiac 
movement is most stable, provides a window for scanning using rates as slow as 1 fps, 
and if heart stimulation is possible, prospective sequential segmented microscopy can 
greatly reduce image acquisition time (Vinegoni, Aguirre, Lee, & Weissleder, 2015). 
The variability of the clear aperture, arising from the non-uniformity of the 
attachment of the heart to the cover glass of the stabilization probe during the surgical 
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procedure, and the intra- and inter-animal variability in the decay curves indicate that 
more animals are needed. Nonlinear trends present in un-gated decay curves are likely 
from the motion of the tissue with the cardiorespiratory cycle that results in 
measurements through different parts of the tissue and improved alignment is required 
to better quantify trends in the plots of attenuation of signal as a function of depth. 
Higher speed scanning is helpful for an accurate measure of attenuation. There is a 
limitation with lower speed scanning for use in cardiac dependent analysis.  Slower 
scanning is not well suited to impose cardiorespiratory gating criteria because the low 
temporal resolution does not populate every cardiorespiratory phase.   
Cyclic fluorescent intensity fluctuations are apparent in free running movies of 
raw data presumably due to out of plane motion.  We have shown previously that on 
average, systolic contraction moves the tissue toward the surface, which would cause 
an average increase in intensity. The motion is likely due to the local displacement 
from the 20% change in ejection fraction of microvessels (Toyota, 2002) rather than 
myocyte thickening since the aggregate effect of vessel compression would be larger 
in magnitude than that of myocyte thickening.  This systolic movement occurs for a 
smaller fraction of the heart cycle than diastole so that any brightness associated with 
tissue movement toward the surface would make the intensity dimmer, on average, 
since a given fluorescent structure is residing in a deeper point in the tissue.  This 
could help to explain why ungated CAL measurements are consistently lower than 
gated, however further data is needed to verify this result.   
Surprisingly, CAL taken from animals at one-week following cryoinfarction 
showed similar attenuation curves in animals expressing GFP in Cx3Cr1 positive cells 
to provide additional sources of fluorescent signal in the regions which have limited 
vasculature (but still present within the region used for CAL quantification) due to the 
injury.  Varying degrees of fibrosis have been shown in this model that lead to 
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quantitative differences in scattering (Krishnaswamy et al., 2009). The distinct cell 
populations which lead to remodeling and repair following injury is a continual topic 
of research but is known to involve a variety of cell populations especially 
inflammatory cells.  
Here we show that signal intensity variation arising from complex 
cardiorespiratory motion can be managed through high spatiotemporal resolution 
scanning and alignment to physiologic signals.  We find that 1300 and 1700 nm 
excitation provides an imaging window, which increases depth of imaging to include 
many layers of cardiomyocytes in healthy and infarcted tissue in vivo.  This increased 
imaging depth opens up the possibility of further studies to investigate dynamics 
within the microvessel branches of the coronary arteries buried within the heart wall. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  83 
REFERENCES  
 
Aguirre, A. D., Vinegoni, C., Sebas, M., & Weissleder, R. (2014). Intravital imaging 
of cardiac function at the single-cell level. Proc Natl Acad Sci U S A, 111(31), 
11257-11262. doi:10.1073/pnas.1401316111 
Hatzistergos, K. E., Saur, D., Seidler, B., Balkan, W., Breton, M., Valasaki, K., . . . 
Hare, J. M. (2016). Stimulatory Effects of Mesenchymal Stem Cells on cKit+ 
Cardiac Stem Cells Are Mediated by SDF1/CXCR4 and SCF/cKit Signaling 
Pathways. Circ Res, 119(8), 921-930. doi:10.1161/CIRCRESAHA.116.309281 
Horton, N. G., Wang, K., Kobat, D., Clark, C. G., Wise, F. W., Schaffer, C. B., & Xu, 
C. (2013). In vivo three-photon microscopy of subcortical structures within an 
intact mouse brain. Nat Photonics, 7(3). doi:10.1038/nphoton.2012.336 
Horton, N. G., & Xu, C. (2015). Dispersion compensation in three-photon 
fluorescence microscopy at 1,700 nm. Biomed Opt Express, 6(4), 1392-1397. 
doi:10.1364/BOE.6.001392 
Jones, J. S., Small, D. M., & Nishimura, N. (2018). In Vivo Calcium Imaging of 
Cardiomyocytes in the Beating Mouse Heart With Multiphoton Microscopy. 
Frontiers in Physiology, 9(969). doi:10.3389/fphys.2018.00969 
Jung, S., Aliberti, J., Graemmel, P., Sunshine, M. J., Kreutzberg, G. W., Sher, A., 
Littman, D. R. (2000). Analysis of Fractalkine Receptor CX3CR1 Function by 
Targeted Deletion and Green Fluorescent Protein 
Reporter Gene Insertion. MOLECULAR AND CELLULAR BIOLOGY,, 20(11), 4106-
4114.  
Kobat, D., Durst, M. E., Nishimura, N., Wong, A. W., Schaffer, C. B., & Xu, C. 
(2009). Deep tissue multiphoton microscopy using longer 
  84 
wavelength excitation. OPTICS EXPRESS, 17(16). 
doi:https://doi.org/10.1364/OE.17.013354 
Krishnaswamy, V., Hoopes, P. J., Samkoe, K. S., O'Hara, J. A., Hasan, T., & Pogue, 
B. W. (2009). Quantitative imaging of scattering changes associated with 
epithelial proliferation, necrosis, and fibrosis in tumors using microsampling 
reflectance spectroscopy. 
Lee, S., Vinegoni, C., Feruglio, P. F., Fexon, L., Gorbatov, R., Pivoravov, M., . . . 
Weissleder, R. (2012). Real-time in vivo imaging of the beating mouse heart at 
microscopic resolution. Nat Commun, 3, 1054. doi:10.1038/ncomms2060 
Li, W., Nava, R. G., Bribriesco, A. C., Zinselmeyer, B. H., Spahn, J. H., Gelman, A. 
E., . . . Kreisel, D. (2012). Intravital 2-photon imaging of leukocyte trafficking 
in beating heart. J Clin Invest, 122(7), 2499-2508. doi:10.1172/JCI62970 
Ouzounov, D. G., Wang, T., Wang, M., Feng, D. D., Horton, N. G., Cruz-Hernandez, 
J. C., . . . Xu, C. (2017). In vivo three-photon imaging of activity of GCaMP6-
labeled neurons deep in intact mouse brain. Nat Methods, 14(4), 388-390. 
doi:10.1038/nmeth.4183 
Pologruto, T. A., Sabatini, B. L., & Svoboda, K. (2003). ScanImage: flexible software 
for operating laser scanning microscopes. Biomed Eng Online, 2, 13. 
doi:10.1186/1475-925X-2-13 
Pries, A. R., & Reglin, B. (2017). Coronary microcirculatory pathophysiology: can we 
afford it to remain a black box? Eur Heart J, 38(7), 478-488. 
doi:10.1093/eurheartj/ehv760 
Saederup, N., Cardona, A. E., Croft, K., Mizutani, M., Cotleur, A. C., Tsou, C. L., . . . 
Charo, I. F. (2010). Selective chemokine receptor usage by central nervous 
system myeloid cells in CCR2-red fluorescent protein knock-in mice. PLoS 
One, 5(10), e13693. doi:10.1371/journal.pone.0013693 
  85 
Shih, A. Y., Driscoll, J. D., Drew, P. J., Nishimura, N., Schaffer, C. B., & Kleinfeld, 
D. (2012). Two-photon microscopy as a tool to study blood flow and 
neurovascular coupling in the rodent brain. J Cereb Blood Flow Metab, 32(7), 
1277-1309. doi:10.1038/jcbfm.2011.196 
Toyota, E., Fujimoto, K., Kajita, T., Shigeto, F., Matsumoto, T., Goto, M., Kajiya, F. 
(2002). Dynamic Changes in Three-Dimensional Architecture and Vascular 
Volume of Transmural Coronary Microvasculature Between Diastolic- and 
Systolic-Arrested Rat Hearts. Circulation, 105, 621-626. 
doi:https://doi.org/10.1161/hc0502.102964 
Vinegoni, C., Aguirre, A. D., Lee, S., & Weissleder, R. (2015). Imaging the beating 
heart in the mouse using intravital microscopy techniques. Nat Protoc, 10(11), 
1802-1819. doi:10.1038/nprot.2015.119 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  86 
CHAPTER 5  
 
 
CONCLUSIONS AND FUTURE DIRECTION 
 
Advances in laser technology driven by recent influx of funding supporting research 
aimed at gaining a more fundamental understanding of the brain have pushed once 
complicated imaging systems into a regime manageable by labs with less of a focus in 
nonlinear optics.  This has already profoundly impacted the neuroscience community 
by allowing groups to push the breadth of their research questions to limits which 
were previously unachievable (Ouzounov et al., 2017).  Fortunately for the 
cardiovascular community, they can capitalize on the advancements in imaging made 
in the neuroscience community over the last decade and will be able to utilize the full 
power of the most recent research tools available, allowing the potential for ground 
breaking discovery.   Here we have taken some first steps in showing the power and 
utility of this technology and reported a potentially interesting clinical application after 
only a brief investigation using these exciting new laser systems.  In additional to laser 
technology, the capability for volumetric imaging at high frame rate using resonant 
scanning was done on commercially available software that is now available in turn 
key systems, making this technology more fully accessible to the broader cardiac 
biology and physiology community.  
The use of point tracking to quantify motion trajectories during heart function 
is not new, for example, the use of radiopaque labels to infer underlying sarcomere 
function within localized regions has been demonstrated by (Rodriguez, 1992).  
Studies aimed to better understand the distribution of forces throughout the heart used 
similar methods to isolated strain through distinct layers of the myocardium to unravel 
coordinated mechanical mechanisms facilitating efficient pumping (Rodriguez, 1992).  
However, the tracking performed here is unique in that we can isolate fluorescently 
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labeled biological structures, such as capillaries, at any point that is accessible within 
the myocardium. This allows us to establish highly specific motion profiles that are 
more continuously distributed throughout the tissue, due to high density of distinct 
capillary structures, opening the potential to establish more complete profiles of layer-
specific coordination during contraction.  Active motion correction techniques 
successfully applied to other organs like the spinal cord (Laffray et al., 2011), used 
optimization algorithms to maintain a constant distance between the objective and the 
surface of the tissue using reflected light from surface of this tissue.  This 
methodology is not well suited to deal with cardiac motion because of the highly 
varying, region dependent strain, which changes as a function of depth.   Optical 
sectioning and 3D volume reconstruction as described in Chapter 4 allow the 
measurement of nearly continuous sections of tissue with micrometer axial resolution 
to provide accurate tracking of 3D displacement of motion trajectories confined to 
individual cells.   
Here we have shown data averaged over multiple beats, aligned to the R-wave, 
however, characterization of abnormal calcium activity requires the consideration of 
beat-to-beat variability.  Recently it was shown that macrophages are electrically 
coupled (Hulsmans et al., 2017), and modulate local activity within the heart.   In 
order to develop a mechanistic understanding of the pathophysiology leading towards 
fibrillation, arrhythmia, and heart failure following infarction it is clear that the 
consideration of transient responders such as the macrophages need to be take into 
consideration to provide a more complete picture of the dynamics at play in the local 
microenvironment.  Point tracking using capillary bifurcation or other fluorescent 
structures occurring throughout the tissue provides a signal that allows the isolation of 
this motion unique occurring within a specific cellular region.  This sets up an 
opportunity to use this signal for active feedback correction.  Generation of a 
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waveform that is informed by the axial component of this motion trajectory can then 
be used to modulate the focus using some type of optical actuation that moves the 
axial position of the focus to follow the movement of the tissue.  Alignment of the 
waveform to the cardiac cycle has the potential to allow for continuous optical 
sectioning of individual cells and capillary level vasculature.  By reducing the out of 
plane motion, real time, continuous imaging of individual cells deep within distinct 
layers of the myocardium, along with the local perfusion of the capillaries surrounding 
those cells, which has so far not been possible could become practical.   Once the axial 
displacement has been reduced to lateral motion, a sufficiently large enough frame can 
be used to register locations of capillaries and aligned using a transformation. Once 
this is done, the data should be well suited to apply methods such as image cross-
correlation spectroscopy to measure motion (Wiseman, 2000).  
We have demonstrated that even with a high degree of temporal averaging 
with sufficiently fast spatiotemporal sampling, high precision, quantitative data can be 
generated using calcium imaging within the beating heart.  We have observed that 
even small, localized damage can result in asynchronous firing throughout the 
ventricle wall.  Without the use of optical sectioning enabled by multiphoton 
microscopy this observation would not have been possible due to the inability of one 
photon imaging to isolate contributions from cells beyond the surface.   Other groups 
have shown that there is complex cellular behavior associated with Fstl1 signaling 
observed in vivo.  This protein has been shown to facilitate cardiomyocyte recruitment 
post injury only when delivered slowly over time on the surface of the epicardium 
(Wei et al., 2015).  Studies such as this further emphasizes the need to develop a more 
complete picture of dynamic cellular response occurring in vivo with methods capable 
of resolving depth specific chemical and electrical (Hulsmans et al., 2017) signaling.  
Additionally, more sophisticated indicators with increased dynamic range and faster 
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kinetics will allow to more accurately differentiating subtle changes associated with 
the onset of pathophysiology brought about by injury.  GCaMP6f used here has a 𝑡!/!  (!"") time of 288 ms, meaning that our measured decay is overestimated, however, 
newer indicators have improved this dramatically with GCaMP6fu providing a 𝑡!/!  (!"") of 7.8 ms (Helassa, Podor, Fine, & Torok, 2016). 
The GCaMP analysis presented here was restricted to the first 100 𝜇𝑚 of 
tissue, and while it is possible to image up to depths of ~250 𝜇𝑚 within beating heart 
tissue using two photon excitation, the background signal quickly goes up beyond 100 𝜇𝑚  and the resolution is severely hindered due to wavefront distortion and other 
factors imposed by the tissue.  We have shown here that in vivo myocardial tissue 
show similar attenuation properties to brain in that it is less attenuating further into the 
NIR.  We also observe that the SNR remains much higher throughout the depth of 
imaging achievable when using 3PE compared to 2PE.  One limiting factor imposed 
by current technological limitations is that 3PE sources run at a lower repetition rate, 
limiting the scanning speed so that recording pixel rate does not surpass the rate of 
pulses put out from the laser.  Using galvanometric scanning and averaging over areas 
much larger than the optical resolution of the imaging system can provide an imaging 
speed of 15 fps.  We found that at 7 fps where, with our system, the dwell time on 
each pixel is 500 ns, there is still some blurring present within one frame of the image.  
This indicates that resolving dynamics throughout systole is not possible when using a 
1 MHz laser repetition rate, limiting the potential for direct application of our cardiac 
dynamic imaging approach using this scanning technique with slower sources.  It 
should be noted however that images taken at 7 fps were nearly artifact free, leaving a 
large window for diastolic gating, which is suitable for structural imaging.  We have 
demonstrated that a large level of down-sampling is acceptable when visualizing 
calcium transients, meaning longer sampling times required to ensure sufficient pulse 
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delivery can be applied when looking at cellular resolution calcium.  There is however 
a compromise with spatial resolution when down-sampling which is limiting when 
quantifying other cardiac dependent physiology varying within the cellular 
microenvironment.  For instance, when using an 8-kHz resonant scanner and assuming 
square pixels, setting a sufficiently long recording time per pixel for a laser repetition 
rate of 1MHz requires pixel binning of 32x32 pixels per line resulting in a 16x16 pixel 
image to have just one pulse per pixel. Increasing the repetition rate to 4 MHz puts the 
pixel size required for at least one pulse per pixel at 128x128 pixel frames, with 1.4 
pulses on average per pixel.  This also pushes the frame rate to 120 fps, which is more 
ideal for studying cellular beat-to-beat variability such as an inflammatory cell 
response that is dynamically varying throughout the imaging session.  To further 
increase the SNR a 4 kHz resonant scanner would put the average pulses per pixel at 
2.8 using a 4 MHz source with a frame rate of 120 fps which may offer a reasonable 
compromise for sampling in a contracting tissue while still using high pulse energy, 
low rep rate source.  If imaging is not necessary but a high temporal sampling is 
desired across the cardiorespiratory cycle then limiting the analysis to exclude regions 
which were acquired with no laser pulse using a intensity percentile restriction may be 
used.  This will allow for adequate spatial sampling in the cardiorespiratory cycle to 
apply rigid gating criteria.   
We have taken some first steps in using the power of nonlinear microscopy to 
study cardiovascular disease.  We have shown that there are clinically relevant 
endogenous signals present in plaques, provided methods to isolated cellular scale 
action potentials in vivo, and investigated the practicality of using further NIR 
sources, combined with 3PE for use in the beating heart.  The incorporation of 
additional labels, active stabilization methods, and more rigidly controlled injury 
models hold great promise for future applications of this technology.  
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